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INTRODUCTION 

Shale o i l  reserves a r e  more than t h r e e  and one-ha l f  t imes the  amount o f  w o r l d  
But because o f  overburden, most o f  t h e  reserves cannot be petroleum reserves (L). 

mined conven t iona l l y ;  an i n - s i t u  process must be used f o r  o i l  recovery.  The i n -  
s i t u  process has advantages over  aboveground, convent ional  processes because t r a n s -  
p o r t i n g  o r  c rush ing  the shale i s  unnecessary be fo re  r e t o r t i n g ;  and spent sha le  d i s -  
posal i s  no problem a f t e r  r e t o r t i n g .  But a disadvantage i s  t h e  d i f f i c u l t y  o f  moni- 
t o r i n g  the r e l a t i v e l y  deep underground convers ion changes. One developing method 
f o r  f o l l o w i n g  these changes i s  o p t i c a l  a c t i v i t y  measurements on the sha le  o i l  
d u r i n g  i t s  p roduc t i on  because we know t h e  o p t i c a l  a c t i v i t y  o f  sha le  o i l  decreases 
w i t h  i nc reas ing  hea t ing  r a t e  (2). 
conta ins o p t i c a l l y  a c t i v e  b i o l o g i c a l  markers de r i ved  from l i f e  forms e x i s t i n g  
d u r i n g  t h e  fo rma t ion  o f  t h e  shale depos i t  (2). Known b i o l o g i c a l  markers--steranes, 
d i terpanes,  gammacerane, and perhydro-6-carotene--are reduc t i on  products  from d i a -  
genesis o f  former l i v i n g  systems. Despi te  the  r i g o r s  o f  heat ing,  i n  most r e t o r t i n g  
systems these o p t i c a l l y  a c t i v e  molecules su rv i ve  i n  s u f f i c i e n t  q u a n t i t i e s  t o  a l l o w  
t h e i r  d e t e c t i o n  w i t h  a s e n s i t i v e  spect ropolar imeter .  These measurements show pro-  
mise i n  s tudy ing  l a rge -sca le  f i e l d  r e t o r t i n g  systems. 

This  s tudy a t  t h e  Laramie Energy Research Center (LERC) shows examples o f  op- 
t i c a l .  a c t i v i t y  measurements i n  a c o n t r o l l e d - s t a t e  r e t o r t  system, i n  t h e  S i t e  9 i n -  
s i t u  f i e l d  experiment, l oca ted  a t  Rock Springs, Wyo., and i n  d i f f e r i n g  r e t o r t i n g  
systems us ing  Green River ,  Antr im, and Moroccan o i l  shales. 

Shale o i l  i s  o p t i c a l l y  a c t i v e  because o i l  sha le  

EXPERIMENTAL 

Op t i ca l  a c t i v i t y  measurements were made on t h e  s a t u r a t e  f r a c t i o n  f rom the  
shale o i l  and bitumen, as descr ibed i n  d e t a i l  e a r l i e r  (2). 
o i l  i n  a 50-ml beaker was d i sso l ved  i n  20 m l  o f  cyclohexane (Burd ick and Jackson 
Laborator ies,  Inc. ) .  The s o l u t i o n  was cooled t o  O°C i n  a c i r c u l a t i n g  co,ld bath,  
and IO m l  o f  15 percent  phosphorous pentox ide in  s u l f u r i c  a c i d  was s l o w l y  added 
w i t h  s t i r r i n g .  S t i r r i n g  was cont inued f o r  1 hour, then the  m i x t u r e  was t rans-  
f e r r e d  and c e n t r i f u g e d  f o r  1/2 hour a t  3000 RPM. The cyclohexane l a y e r  was drawn 
o f f ,  and t h e  bottom l a y e r  was tw ice  more mixed w i t h  IO m l  o f  cyclohexane and cen- 
t r i f u g e d .  Then the  combined s o l u t i o n  was deco lo r i zed  by pass ing i t  ove r  IO gm o f  
"powdered" s i l i c a  ge l  (Baker, 60-200 mesh), e l u t i n g  w i t h  cyclohexane, and c o l -  
l e c t i n g  the f i r s t  IO m l  o f  s o l u t i o n .  
t o  20 m l .  The o p t i c a l  a c t i v i t y  was determined on t h i s  s o l u t i o n  i n  t h e  OR0 mode 
w i t h  a Jasco J-20 spect ropolar imeter .  Op t i ca l  a c t i v i t y  data were determined i n  
the  300- t o  600-nm wavelength range and the  s o l u t i o n  was evaporated t o  dryness t o  
determine the  t o t a l  sa tu ra tes .  The o p t i c a l  a c t i v i t y  da ta  were c a l c u l a t e d  based 
upon the amount o f  t o t a l  sa tu ra tes .  

ment (4 )  werk analyzed. 

B r i e f l y ,  1/2 g of d r i e d  

The s o l u t i o n  was evaporated under n i t r o g e n  

Shale o i l s  and bitumens f r o m  an i n t e r r u p t e d ,  c o n t r o l l e d - s t a t e  r e t o r t  e x p e r i -  
Green R ive r  fo rma t ion  o i l  shale, 1/8-t0 1/2- in .  p a r t i c l e  - 
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s ize,  was packed i n t o  a v e r t i c a l  3-in. s t a i n l e s s  s t e e l  p i p e  and was e x t e r n a l l y  e l e c -  
t r i c a l l y  heated in  6 - in .  increments a t  a 2'F-per-minute hea t ing  r a t e  w i t h  a zone 
t r a v e l  r a t e  o f  3 in .  pe r  hour. Produced o i l  f lowed downward w i t h  ass i s tance  from 
a n i t r o g e n  sweep gas. A f t e r  approx imate ly  h a l f  o f  t h e  shale column had reached a 
temperature o f  1000°F (about 36 hours) ,  t h e  experiment was stopped; t h e  p i p e  was 
cooled w i t h  water and c u t  i n t o  24 6 - in .  segments. The shale samples from t h e  24 
segments consis ted o f  14 spent-shale samples and IO samples o f  o i l - w e t  shale,  w i t h  
v a r y i n g  temperature exposures from 730°F t o  ambient. The o i l - w e t  shale samples 
were r insed w i t h  cyclohexane t o  recover the  su r face  o i l  samples. The r i n s e d  sam- 
p l e s  were d r i e d  a t  room temperature, crushed t o  200 mesh, and Soxhlet  e x t r a c t e d  
f o r  48 hours w i t h  cyclohexane t o  o b t a i n  t h e  bitumen samples. The su r face  o i l  and 
bitumen samples were prepared and analyzed f o r  o p t i c a l  a c t i v i t y  as descr ibed.  

Opt ica l  a c t i v i t y  analyses were made on severa l  r e t o r t i n g  systems us ing  t h e  
descr ibed method. Nine composite samples o f  shale o i l  were analyzed, rep resen t ing  
6 months o f  o p e r a t i o n  a t  t he  LERC S i t e  9 i n - s i t u  f i e l d  experiment (5) .  Shale o i l s  
were analyzed from t h e  bench-scale c o n t r o l  l e d - s t a t e  r e t o r t  system; From f i v e  
aboveground, semi-works r e t o r t  systems; and from two large-b lock systems. 

RESULTS AND DISCUSSION 
Only da ta  f r o m  t h e  450-nm wavelength a r e  presented i n  F igures 1 and 2 f o r  ease 

o f  i n t e r p r e t a t i o n .  Shale o i l  o p t i c a l  a c t i v i t y  changes as t h e  r e t o r t  hea t ing  r a t e  
changes (2). 
t ime, o p t i c a l  a c t i v i t y  changes should be r e l a t e d  t o  each o f  these components. Data 
from ana lys i s  of o i l s  and bitumens from the  i n t e r r u p t e d  c o n t r o l l e d - s t a t e  r e t o r t  
a r e  shown i n  F igu re  1 .  O i l s  r i n s e d  from the  su r face  o f  the coo le r  sha le  have, ex- 
cep t  f o r  samples 15 and 24, a s p e c i f i c  r o t a t i o n  o f  about 4 u n i t s .  Sample 15, 
hav ing  been exposed t o  t h e  h o t t e s t  temperature (73OoF), shows o n l y  a t r a c e  o f  ac- 
t i v i t y ;  and t h e  l a s t  sample, 24, has about n i n e  degrees o f  r o t a t i o n ,  p o s s i b l y  be- 
cause the coo le r  end o f  t h e  r e t o r t  causes d i l u t i o n  by accumulations o f  sa tu ra tes .  
The wavel ike d i s t r i b u t i o n  o f  t h e  da ta  i s  probably  r e a l  i n  t h a t  i t  i s  w e l l  w i t h i n  
the  t e s t i n g  l i m i t s .  The rece ive r  o i l ,  f rom about one -ha l f  o f  t h e  t o t a l  charged 
shale, shows an o p t i c a l  r o t a t i o n  o f  about f o u r  degrees, approx imat ing t h e  va lues 
from the sur face o i l s .  

And s i n c e  h e a t i n g  r a t e  cons is t s  o f  two components, temperature and 

The o p t i c a l  a c t i v i t y  o f  t he  bitumens e x t r a c t e d  from the  p a r t l y  r e t o r t e d  sha le  
(samples I 5  t o  19) and f rom the  un re to r ted  sha le  (samples 20 t o  24) i s  a l s o  shown 
i n  F igu re  1. A smooth cu rve  evolves,  proceeding f rom sample 20 t o  15, i n d i c a t i n g  
t h a t  the e f f e c t  o f  heat  on t h e  sha le  produces a un i fo rm loss o f  o p t i c a l  a c t i v i t y  
in  t h e  bitumen. A n  i n d u c t i o n  p e r i o d  be fo re  the  r e t o r t i n g  o f  the shale (est imated 
t o  occur a t  about 400'F) occurs i n  the  low-temperature loss o f  a c t i v i t y  i n  samples 
I 9  t o  17. Sample 19 has a r o t a t i o n  o f  approx imate ly  12 degrees; number 17 app rox i -  
ma te l y  IO degrees. 
t he  temperature from 110 t o  190°F over  a &hour per iod.  Samples 15 and 16 r e f l e c t  
a r a p i d  loss o f  a c t i v i t y  as t h e  sha le  becomes heated t o  r e t o r t i n g  temperature w i t h  
subsequent emergence o f  o i l .  The r a p i d  increase i n  o p t i c a l  a c t i v i t y  f rom sample 
20 t o  23 cannot be s a t i s f a c t o r i l y  exp la ined  a t  t h i s  t ime b u t  approaches the  o p t i -  

T h i s  2-degree d i f f e r e n c e  apparen t l y  r e s u l t s  from inc reas ing  

.ca l  a c t i v i t y  o f  Green R ive r  n a t u r a l  b i t umen- - t yp i ca l l y  30 u n i t s .  

O i l s  from the  S i t e  9 i n - s i t u  f i e l d  experiment were analyzed f o r  o p t i c a l  ac- 
t i v i t y .  
o f  t h e  6-month exper iment  were more o p t i c a l l y  a c t i v e  than those i n  the  second h a l f .  
The lower o p t i c a l  a c t l v i t y  i n  the second h a l f  o f  t he  experiment p robab ly  r e s u l t s  
from a d i f f e r e n t  thermal h i s t o r y .  
i n j e c t i o n  system when on the 60 th  day t h e  i n j e c t i o n  w e l l  was changed from w e l l  No. 
1 ( l oca ted  a t  the cen te r  o f  t h e  s i t e )  t o  w e l l  No. IO ( l o c a t e d  nearer t h e  edge o f  
the s i t e ) ,  thereby moving the  a i r  i n j e c t i o n  c l o s e r  t o  t h e  moving combustion f r o n t ,  
p o s s i b l y  f u r t h e r  decomposing p r e v i o u s l y  accumulated o i l .  

The r e s u l t s  in  F igu re  2 show t h a t  t he  o i l s  produced du r ing  the  f i r s t  p a r t  

The r e s u l t s  may r e f l e c t  change i n  t h e  a i r -  

The general decrease i n  

I 

I 
I 
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o p t i c a l  a c t i v i t y  f o r  a l l  t h e  composite o i l s  i nd i ca tes  t h a t  a f t e r  6 months o f  p ro -  
d u c t i o n  a "steady s ta te "  o i l  was no t  produced. The general i n d i c a t i o n  of o i l  de- 
composit ion i s  n o t  ev iden t  i n  IO o t h e r  phys i ca l  o r  chemical t e s t s ,  as shown i n  
Table I .  T r a d i t i o n a l  i n d i c a t i o n s  o f  o i l  thermal decomposit ion such as i nc reas ing  
o l e f i n ,  aromatic, and naphtha contents  o r  decreas ing v i s c o s i t y  and pour  po in t ,  a r e  
no t  unequivocal ly  present. I n  some instances, as i n  o l e f i n  content ,  t h e  l a s t  f o u r  
samples a r e  i n  o p p o s i t i o n  to t h e  o p t i c a l  a c t i v i t y  da ta  by hav ing g e n e r a l l y  lower 
amounts o f  o l e f i n s - l e s s  o i l  decomposit ion. The o p t i c a l  a c t i v i t y  da ta  i n d i c a t e  
t h a t  t he  l a s t  f o u r  samples a r e  decomposed t h e  most. 

TABLE 1 .  - Proper t i es  o f  S i t e  9 composite o i l s  

Sample number 

Proper ty  1 2 3 4 5 6 7 8 9  
Naphtha, percent" 9 

Ole f ins ,  
percent  i n  naphtha 36 

Ole f ins ,  
percent  i n  l i g h t  d i s t i l l a t e  22 

percent  i n  naphtha 43 

P a r a f f i n s ,  
percent  i n  l i g h t  d i s t i l l a t e  22 

percent  i n  naphtha 21 

percent  i n  l i g h t  d i s t i l l a t e  35 

Residuum, percent" 6 

V iscos i t y ,  
SUS IOO'F 53 

Pour po in t ,  OF 35 

P a r a f f i n s  , 

Aromatics , 

Aromatics, 

6 

32 

37 

17 

46 

22 

17 

6 

58 

40 

6 

25 

38 

51 

49 

24 

13 

6 

57 

40 

8 

19 

35 

57 

52 

24 

13 

7 

53 

45 

IO 

19 

15 

54 

52 

27 

33 

4 

46 

40 

1 1  

14 

13 

59 

57 

27 

30 

5 

47 

45 

12 1 4  

27 9 

12 33 

45 63 

56 38 

28 28 

32 29 

8 7  

56 45 

40 35 
25 
450 3.2 2.1 1 .9  1.8 1.6 0.8 0.6 0.3 0.2 Opt i ca l  a c t i v i t y  [a] 

*Determined by s imulated d i s t i l l a t i o n  

O i l s  from d i f f e r e n t  r e t o r t i n g  systems were analyzed f o r  o p t i c a l  a c t i v i t y  t o  
determine the  p o s s i b i l i t y  o f  observ ing b a s i c  d i f f e r e n c e s  among r e t o r t i n g  systems. 
The r e s u l t s  i n  F igu re  3 show t h a t  d i f f e r e n c e s  a r e  observable. Data from the e n t i r e  
300- t o  600-nm range a r e  presented i n  F igures 3 and 4 f o r  more comprehensive data 
evaluat ion.  Genera l ly ,  t h e  o p t i c a l  a c t i v i t y  data may be ca tegor i zed  i n t o  t h r e e  
groups. 
system where smal l  sha le  p a r t i c l e s ,  g r a v i t y  f low,  and n i t r o g e n  gas sweeping a l lowed 
t h e  produced o i l  t o  escape f r o m  t h e  shale e a s i l y  thereby m in im iz ing  secondary o i l  
decomposition. 

F i r s t ,  t h e  l e a s t  decomposed o i l s  a r e  de r i ved  from the c o n t r o l l e d - s t a t e  

The second group of  o i l s  was produced from la rge ,  aboveground, 
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semi-works r e t o r t s  w i t h  r e l a t i v e l y  medium sha le  p a r t i c l e s  ( I  t o  6 in . )  and moder- 
a t e  c a p a b i l i t y  f o r  t h e  o i l  t o  escape the  shale. The t h i r d  group o f  o i l s  was pro-  
duced from LERC's aboveground, s imulated i n - s i t u  150-ton r e t o r t  and t h e  S i t e  9 i n -  
s i t u  system t h a t  may be cha rac te r i zed  as l a rge -b lock  systems; the re fo re ,  slow es- 
cape o f  o i l  from t h e  s h a l e  would be probable. Slow escape o f  o i l  would presumably 
cause considerable decomposit ion. 

Op t i ca l  a c t i v i t y  comparisons were made among o i l s  produced i n  the  LERC IO-ton 
r e t o r t  us ing Green River ,  Antr im,  and Moroccan shales. F igu re  4 shows the  Green 
R i v e r  shale o i l  to be the  most o p t i c a l l y  a c t i v e  by at l e a s t  a f a c t o r  o f  2 a t  a l l  
wavelengths. The An t r im  and Morrocan sha le  o i l s  have e s s e n t i a l l y  i d e n t i c a l  ac- 
t i v i t y  probably  r e f l e c t i n g  the  amounts o f  o p t i c a l l y  a c t i v e  components i n  t h e  o r i g i n a l  
shales. These shales have, i n t e r e s t i n g l y ,  a marine o r i g i n ,  w h i l e  the  Green R ive r  
s h a l e  has a nonmarine o r i g i n .  

SUMMARY 

Op t i ca l  a c t i v i t y  measurements o f  shale o i l s  a l l o w  i n s i g h t s  i n t o  r e t o r t i n g  con- 
d i t i o n s  t h a t  a r e  n o t  observable by t r a d i t i o n a l  a n a l y t i c a l  methods. Wi th a bench- 
s c a l e  r e t o r t ,  a low-temperature i nduc t i on  p e r i o d  in  the  sha le  be fo re  r e t o r t i n g  can 
be observed. The r e t o r t i n g  phase i t s e l f  may be observed by f o l l o w i n g  changes i n  
bitumen and i n  su r face  o i l  o p t i c a l  a c t i v i t y .  Op t i ca l  a c t i v i t y  data f r o m  S i t e  9 
composite o i l s ,  rep resen t ing  6 months o f  product ion,  r e f l e c t  two d i s t i n c t  r e t o r t i n g  
phases o f  t he  experiment. The second, lower o p t i c a l l y  a c t i v e  phase, may have re -  
s u l t e d  from secondary deg rada t ion  o f  p r e v i o u s l y  accumulated o i l .  Despi te  6 produc- 
t i o n  months, a "steady s t a t e "  o i l  was n o t  produced. Op t i ca l  a c t i v i t y  da ta  f rom IO 
d i f f e r e n t  r e t o r t i n g  system o i l s  show decreasing o p t i c a l  a c t i v i t y  w i t h  i nc reas ing  
sha le  s i z e .  
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PETROGRAPHIC METHOD FOR SELECTIVE DETERMINATION OF A COMPONENT 
(RAW COAL) I N  A MIXTURE OF PRODUCTS FROM PROCESSING OF COAL 

D .  M. Mason 
Y.  J u l i a n  

I n s t i t u t e  of Gas Technology 
3424 S. S t a t e  S t r e e t  

Chicago, I l l i n o i s  60616 

In t roduct ion  

I n  t h e  HYGA@pilot p l a n t  g a s i f i c a t i o n  r e a c t o r ,  f i n e  p a r t i c l e s  from each r e a c t o r  
s t a g e  become ent ra ined  i n  t h e  gas  and are c a r r i e d  i n t o  t h e  ex i t -gas  cyclone and a r e  
removed from t h e  gas .  Thus, t h e  d u s t  removed by t h e  p i l o t  p l a n t  cyclone inc ludes  par-  
ticles from t h e  steam-oxygen-gasification f l u i d i z e d  bed, t h e  second-stage hydrogas i f i -  
c a t i o n  f l u i d i z e d  bed,  t h e  f i r s t - s t a g e  h y d r o g a s i f i c a t i o n  en t ra ined  r e a c t o r ,  and t h e  
s l u r r y  d r i e r  f l u i d i z e d  bed. (See F igure  1 . )  For an understanding of t h e  process ,  it 
i s  d e s i r a b l e  t o  estimate t h e  amount of feed  c o a l  c a r r i e d  out  of t h e  r e a c t o r  from t h e  
s l u r r y  d r i e r  bed. 
mining t h e  feed c o a l  conten t  of  samples of d u s t  c o l l e c t e d  from t h e  cyclone.  The method 
was developed on samples obtained when t h e  p i l o t  p l a n t  was opera t ing  on  l i g n i t e ,  b u t  i t  
should a l s o  be  a p p l i c a b l e  t o  samples from t h e  process ing  of o t h e r  ranks of c o a l .  

To f i l l  t h i s  need, w e  have developed a pe t rographic  method f o r  de te r -  

I f  the  d u s t  c o l l e c t e d  from t h e  cyclone were composed of material from only  two 
sources  and t h e  two components d i f f e r e d  i n  c h a r a c t e r ,  i t  would be p o s s i b l e  t o  e s t i m a t e  
t h e i r  r e l a t i v e  propor t ions  from t h e  elemental  composition o r  o t h e r  test proper ty  of  
t h e  sample and i t s  two sources .  This  s i t u a t i o n  would a l s o  apply i n  e f f e c t  i f  some test 
proper ty  were s u f f i c i e n t l y  uniform among a l l  sources  but  t h e  one of i n t e r e s t .  This  i s  
not  t h e  case here ,  as shown by ana lyses  of t y p i c a l  bed samples from t h e  d i f f e r e n t  
s t a g e s  of t h e  r e a c t o r  (Table 1). Table  1 a l s o  shows t h a t  t h e  cyclone d u s t  i s  much 
f i n e r  than t h e  samples of source  m a t e r i a l s ,  a s  might b e  expected. One should,  t h e r e f o r e ,  
analyze corresponding f i n e s  f r a c t i o n s  of  t h e  s o u r c e  m a t e r i a l s  i f  t h i s  approach appeared 
f r u i t f u l .  However, n o t e  t h a t  t h e  composi t ion of  t h e  f i n e s  e l u t r i a t e d  from a p a r t i c u l a r  
bed may d i f f e r  from t h e  composition of p a r t i c l e s  of  t h e  same s i z e  range sampled from 
t h e  bed. Thus, one can only surmise,  from t h e  composition d a t a  of Table  1, t h a t  t h e  
amount of feed c o a l  i n  t h e  cyclone d u s t  is probably between zero  and 25 weight  percent .  

Development of Method 

I n  t h e  customary form of pe t rographic  q u a n t i t a t i v e  a n a l y s i s  f o r  t h e  organic  compo- 
n e n t s  (macerals) of c o a l ,  t h e  sample is mixed wi th  epoxy r e s i n  and pressed  i n  a mold 
t o  o b t a i n  a c y l i n d r i c a l  b r i q u e t .  A f t e r  hardening,  t h e  b r i q u e t  is  sec t ioned  and pol ished 
i n  a manner such t h a t  t h e  macerals can b e  i d e n t i f i e d  under t h e  microscope (ASTM Methods 
D2797 and D2799) (1) .  Using an eyepiece wi th  c r o s s h a i r s ,  success ive  a r e a s  of t h e  
pol ished s u r f a c e  a r e  examined, and t h e  macerals t h a t  appear  under t h e  c r o s s h a i r  i n t e r -  
s e c t i o n  are counted. (A c r o s s h a i r  g r i d  wi th  m u l t i p l e  i n t e r s e c t i o n  p o i n t s  can a l s o  be 
used.)  
s e c t i o n  and i t s  volume i n  t h e  sample; wi th  a s u f f i c i e n t  number of counts ,  t h e  percen- 
t a g e  of counts  f o r  a component i s  a s a t i s f a c t o r y  measure of  i t s  volume percent  i n  t h e  
sample. Poin ts  appearing on minera l  mat te r  and t h e  r e s i n  mat r ix  are ignored.  The 
volume percent  of each maceral on t h e  mineral-matter-free b a s i s  i s  cus tomar i ly  repor ted ,  
bu t  can be  converted t o  an ash- o r  mineral-matter-containing b a s i s  by c a l c u l a t i o n  from 
a s h  content  and es t imated  d e n s i t i e s .  

The number of  counts  of each component is p r o p o r t i o n a l  t o  i t s  area i n  t h e  

We concluded t h a t  a p p l i c a t i o n  of t h i s  method t o  t h e  cyclone f i n e s  would be  very  
d i f f i c u l t  because of t h e  n a t u r e  of some of t h e  components o t h e r  than  t h e  c o a l  feed.  
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As g a s i f i c a t i o n  progresses  t h e  p a r t i c l e s  become i n c r e a s i n g l y  porous and t h e  propor t ion  
of minera l  mat ter  i n c r e a s e s .  Mineral  matter o t h e r  than  i r o n  s u l f i d e s  i s  sometimes d i f -  
f i c u l t  t o  d i s t i n g u i s h  from t h e  mounting medium, and c l a y  p a r t i c l e s  e s p e c i a l l y  are sub- 
ject t o  plucking dur ing  t h e  gr inding  and pol i sh ing .  Ins tead  w e  i n v e s t i g a t e d  a v a r i a n t  
procedure i n  which w e  g r a v i m e t r i c a l l y  determine t h e  weight percent  of  t h e  sample i n  the 
b r i q u e t  and, by a p o i n t  count  a n a l y s i s ,  determine the volume percent  of feed  c o a l  i n  
t h e  b r i q u e t ,  lumping a l l  o t h e r  components and mounting medium t o g e t h e r .  The d e n s i t i e s  
of t h e  feed  c o a l  and of  t h e  b r i q u e t  are then  needed t o  convert  t h e  volume p e r c e n t  of  
feed  c o a l  i n  t h e  b r i q u e t  t o  weight percent .  From t h e  weight p e r c e n t s  of feed  c o a l  and 
sample i n  the b r i q u e t  we  o b t a i n  t h e  weight percent  of feed c o a l  i n  t h e  sample. 

Some ext ra  care i n  t h e  mounting procedure i s  requi red  t o  o b t a i n  b r i q u e t s  of  known 
and uniform sample conten t .  
p ressed  i n  a mold is n o t  a p p l i c a b l e  because t h e  c learances  of t h e  mold may a l l o w  l i q u i d  
r e s i n  and some of t h e  small p a r t i c l e s  t o  escape and thus  change the composition of t h e  
mixture  and r e s u l t i n g  b r i q u e t .  For t h i s  reason ,  w e  l i m i t  t h e  sample conten t  to  o b t a i n  
a mixture  t h a t  is e a s i l y  mixed and t h a t  w i l l  r e t a i n  a minimum o f  a i r  bubbles  a f t e r  hand 
s t i r r i n g  with a wooden s p l i n t .  Note t h a t  t h e  presence of bubbles  is n o t  d e l e t e r i o u s  
provided they a r e  uniformly d i s t r i b u t e d .  Removing t h e  bubbles  by c e n t r i f u g i n g ,  f o r  
example, i s  l i k e l y  t o  cause  sample concent ra t ion .  S t i r r i n g  w i t h  a p r o p e l l o r  stirrer is  
s a t i s f a c t o r y  i f  done wi thout  breaking  t h e  s u r f a c e  of  t h e  mixture .  

The usua l  technique i n  which t h e  sample-resin mixture  i s  

The d e n s i t y  of t h e  b r i q u e t  can b e  determined very  simply by weighing i t  i n  a i r  
and i n  water. 
True ( s o l i d  phase) d e n s i t y  i s  e a s i l y  determined by helium o r  water  displacement  o r  can 
b e  est imated from t h e  hydrogen and a s h  conten t  ( 3 ) .  However, some c o a l s ,  e s p e c i a l l y  
high v o l a t i l e  C bituminous rank and lower, c o n t a i n  a s u b s t a n t i a l  volume of submicro- 
s c o p i c  pores. The d e n s i t y  w e  u s e  should i n c l u d e  t h e s e  pores  b u t  n o t  those  t h a t  a r e  
v i s i b l e  under t h e  microscope,  such as shr inkage  c racks  i n  l i g n i t e  and t h e  lower ranks  
of subbituminous c o a l s .  
i f  most of  t h e  p a r t i c l e s  a r e  l a r g e r  than about 100-mesh s i e v e  s i z e  and i f  they  do n o t  
c o n t a i n  a n  a p p r e c i a b l e  volume o f  microscopica l ly  observable  pores o r  c racks .  
cyclone f i n e s  w e  determined t r u e  d e n s i t y  by helium displacement  on a B e c h n  A i r  
Pycnometer; from t h i s  and p o r o s i t y  obta ined  from an e q u i l i b r i u m  moisture  de te rmina t ion ,  
w e  c a l c u l a t e d  p a r t i c l e  d e n s i t y .  
l i g n i t e  feed i s  based on t h e  conclusion,  from unpublished work a t  IGT,  t h a t  t h e  d r i e d  
l i g n i t e  does not  s w e l l  a p p r e c i a b l y  when immersed i n  water .  However, w e  need t o  apply  
a c o r r e c t i o n  t o  the  pore  volume because of t h e  enhanced d e n s i t y  of water  ( o r  a c t u a l l y  
o f  the water-coal complex) i n  t h e  pores  of low rank  c o a l  ( 4 ) .  T h i s  is t h e  reason  t h a t  
d e n s i t y  determined by water  displacement on low rank  c o a l s  i s  h igher  than d e n s i t y  
determined by helium displacement .  La ter  w e  r e a l i z e d  t h a t  i f  we had used apparent  
d e n s i t y  i n  water ,  no c o r r e c t i o n  would be necessary as t h e  e f f e c t  then  cance ls  o u t .  
The r e s p e c t i v e  equat ions  f o r  t h e  p a r t i c l e  d e n s i t y ,  d ,  of dry  c o a l  a r e  - 

Determining t h e  a p p r o p r i a t e  d e n s i t y  of t h e  feed  c o a l  is not  so s imple .  

P a r t i c l e  d e n s i t y  determined by mercury displacement i s  s u i t a b l e  

On o u r  

Note t h a t  use of  t h i s  p o r o s i t y  va lue  on our  d r i e d  

and 

d = [1/ (dw) + M/(100 - M) 1-l 

where d and d a r e  d e n s i t i e s  i n  g/cm3 determined by helium and w a t e r  d i sp lacement ,  
respectYGely, axd M i s  t h e  weight percent  of  e q u i l i b r i u m  moisture .  
i n  t h e  f i r s t  of t h e s e  equat ions  i s  our  v a l u e  f o r  t h e  d i f f e r e n c e  between t h e  two den- 
sities f o r  t h i s  c o a l  ( 2 ) .  

The q u a n t i t y  0.10 

In the  poin t  count  a n a l y s i s  of t h e  b r i q u e t  t h e  feed c o a l  i s  recognized p r i n c i p a l l y  
by t h e  low r e f l e c t a n c e  of  i t s  v i t r i n i t e  and e x i n i t e ,  ranging below about 0.4%, compared 
wi th  t h e  s u b s t a n t i a l l y  h igher  r e f l e c t a n c e  of v i t r i n i t e  t h a t  h a s  been heated t o  800' 
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t o  900°F i n  t h e  f i r s t  s t a g e  of h y d r o g a s i f i c a t i o n  and t o  even h igher  temperatures  i n  
succeeding s t a g e s .  
l a t e r  s t a g e s ;  perhaps t h e s e  p a r t i c l e s  c o n t a i n  d ispersed  c l a y  t h a t  becomes more con- 
cent ra ted  and thus  lowers  t h e  r e f l e c t a n c e .  However, t h e s e  p a r t i c l e s  a l s o  become gra iny ,  
so  they can s t i l l  be  d i s t i n g u i s h e d  from t h e  feed  c o a l  r a t h e r  e a s i l y .  
a b l e  t o  d i s t i n g u i s h  whether p a r t i c l e s  composed of i n e r t i n i t e  on ly  o r  minera l  mat te r  
on ly  o r i g i n a t e  from t h e  feed  c o a l  or from one of  t h e  r e a c t i o n  s t a g e s .  
count as feed c o a l  t h e  p o i n t s  f a l l i n g  on any maceral o r  on minera l  m a t t e r  i f  t h e  par-  
t i c l e  t h a t  t h e  poin t  i s  on conta ins  any recognizable  v i t r i n i t e .  Then, t o  c o r r e c t  f o r  
the  presence of  p a r t i c l e s  from t h e  feed  c o a l  conta in ing  i n e r t i n i t e  o r  minera l  mat te r  
only,  w e  ana lyze  by p o i n t  count t h e  f i n e s  of t h e  feed c o a l  t h a t  pass  a 100-mesh USS 
s i e v e  t o  o b t a i n  t h e  volume f r a c t i o n  of such p a r t i c l e s .  

However, some p a r t i c l e s  darken a s  g a s i f i c a t i o n  progresses  i n  t h e  

W e  have not  been 

Accordingly, w e  

The weight percent  of c o a l  i n  t h e  cyclone sample i s  c a l c u l a t e d  accord ing  t o  t h e  
formula - 

100 dV 
d b ( l  - I )W Coal, w t  % = 3)  

where d is t h e  p a r t i c l e  d e n s i t y  of t h e  c o a l ,  db is t h e  d e n s i t y  of t h e  sample b r i q u e t ,  
V i s  t h e  determined volume percent  of c o a l  i n  t h e  sample b r i q u e t ,  IC is t h e  volume 
f r a c t i o n  of p a r t i c l e s  i n  t h e  c o a l  f i n e s  conta in ing  i n e r t i n i t e  o r  minera l  matter only ,  
and W i s  t h e  weight percent  of sample i n  t h e  sample b r i q u e t .  

Apparatus and Procedures  

The sample was d r i e d  enough t h a t  t h e  r e t a i n e d  mois ture  d i d  not  i n t e r f e r e  wi th  t h e  
cur ing  of the  epoxy r e s i n .  Weighed amounts of epoxy r e s i n ,  sample, and a c t i v a t o r  w e r e  
mixed t o  y i e l d  a b r i q u e t  of a c c u r a t e l y  known and uniformly d ispersed  d r y  sample conten t  
of 30 t o  40 weight percent .  
quet  w a s  determined by weighing i n  air  and water ,  and t h e  b r i q u e t  w a s  ground and 
pol ished according t o  t h e  methods of ASTM D2797 (1) .  
i n  t h e  same way. 

Af te r  cur ing  i n  a mold overn ight  t h e  d e n s i t y  of t h e  b r i -  

Feed c o a l  b r i q u e t s  were prepared 

For t h e  p o i n t  count  a n a l y s i s  a Zeiss Universal  microscope was used wi th  a 40X 
Achromat o b j e c t i v e  g iv ing  a magni f ica t ion  of  62513 wi th  a 12.5X eyepiece.  
counted a t  t h e  corners  of  a Whipple d i s k  t o  a t o t a l  of 1000 on each of two b r i q u e t s .  
P o i n t s  were counted on t h e  feed  c o a l  f i n e s  i n  t h e  same manner except  t h a t  i n e r t i n i t e  
and mineral  matter were a l s o  counted.  

P o i n t s  were 

Equilibrium moisture  w a s  determined according t o  a modi f ica t ion  of  ASTM D1412 (1) . i n  which.a 10 g sample was used and t h e  temperature  was maintained n e a r  room tempera- 
t u r e  by p lac ing  t h e  equi l ibr ium v e s s e l  i n  a n  i n s u l a t e d  box. 

Resul t s  and Conclusions 

The helium d e n s i t y  of t h e  feed c o a l  f i n e s  was 1.63 g/cm3 and t h e  equi l ibr ium 
moisture  conten t  2 1 . 1  weight percent ;  t h e s e  g i v e  a p a r t i c l e  d e n s i t y  of 1.18 g/cm3. 
The poin t  count a n a l y s i s  of s i x  b r i q u e t s  of t h e  feed  c o a l  is shown i n  Table  2 ;  two 
b r i q u e t s  each were prepared from t h r e e  d i f f e r e n t  c o a l - r e s i n  mixtures .  The average 
content  of v i t r i n i t i c  p a r t i c l e s  (from t h e  s i x  ana lyses)  was 91.0 volume percent .  The 
amount of feed c o a l  found i n  each b r i q u e t  by t h e  poin t  count a n a l y s i s ,  when c a l c u l a t e d  
according t o  t h i s  average conten t  of v i t r i n i t i c  p a r t i c l e s  and expressed a s  percent  of 
t h e  amount determined g r a v i m e t r i c a l l y  i n  our  p r e p a r a t i o n ,  ranged from 90% t o  1 1 2 %  
with an average of 102%. 

Repl ica te  de te rmina t ions  on some cyclone d u s t s  (Table 3 )  i n d i c a t e s  t h e  repea t -  
a b i l i t y  t h a t  was obtained i n  t h e  poin t  count. Only one resin-sample mixture  was pre- 
pared f o r  each sample because of  t h e  l i m i t e d  q u a n t i t y  of  sample a v a i l a b l e ;  f o r  two of 
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them only one briquet could be made. 
regrinding and repolishing to obtain a duplicate point count analysis of each briquet. 

A new section of each briquet was exposed by 

The good average recovery on the feed coal briquets lends support to the prin- 
ciples of-the method and indicates that systematic errors have been reduced to a 
satisfactory level. 

With the analysis for feed coal in the cyclone dust in hand we can attempt tO 
draw some additional conclusions about the source of the remainder of the dust. For 
example, if we take the analyses in Table 1 to be representative of the fines elu- 
triated from each bed, then about 45% to 55% of the cyclone dust must come from the 
steam-oxygen gasifier. 
presents severe difficulties and the analyses shown may not fully represent the 
composition (or size distribution) of the actual process solids. 
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Table 1. TYPICAL COMPOSITION OF SOLIDS IN THE HYGAS REACTOR 
DURING RUN 37 ON LIGNITE 

Spent Char 
Feed Coal After Second S age From Steanr Cyclone 
(Lignite) First Stage*? Bed' Oxygen Gasifier? 

w t X  
Proximate Analysis (as received) 

Moisture 
Volatile Matter 
Ash 
Fixed Carbon 

17.0 3.7 
35.2 19.2 
9.7 22.9 
38.1 54.2 

2.6 
8.5 
28.2 
60.7 

7.0 2.6 
9.3 15.5 
46.1 36.5 
37.6 45.4 

ultimate Analysis (dry basis) 

Carbon 61.9 62.8 65.2 44.9 52.9 

Nitrogen 1.01 1.02 0.55 0.22 0.67 
Sulfur 0.86 0.48 0.17 0.10 0.38 
Ash 11.74 23.76 28.93 49.58 37.52 
oxygen (by difference) 20.18 9.24 3.59 4.26 6.53 

Hydrogen 4.31 2.70 1.56 0.94 2.00 

sieve Analysis. USS 

Retained on No. 
12 
20 
30 
40 
60 
80 
100 
200 
325 
Pa" 

11.0 
23.6 
11.1 
10.3 
14.9 
6.9 
2.8 
8.3 
4.1 
7.0 

2.5 
11.5 
6.7 
6.3 

13.4 
7.4 
5.5 

16.9 
15.4 
14.4 

6.5 
19.6 
9.7 
10.7 
16.9 
8.4 
4.3 

13.2 
1.2 
3.5 

0.1 
2.9 
4.4 
6.4 

16.5 
11.4 
7.6 

19.1 
12.5 
18.5 

0.0 
0.0 
0.6 
0.6 
2.1 
2.5 
3.5 

*Sampled from the epouting bed above the lift line reactor. 
'gecause of high-pressure sampling difficulties. these analyses may not be representative of the 
composition or sire distribution of the process solids. 

24.7 
30.9 
35.1 
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Table 2 .  ANALYSIS OF FEED COAL 

1A 1 B  2A 2B ---- Briquet  No. 

Density of Br ique t ,  g/cm 1.216 1.210 1.198 1.198 

Prepared,  w t  % 33.7 33.7 28.8  28.8 
Feed Coal i n  Br ique t ,  a s  

P o i n t  Count Analysis  
V i t r i n i t i c  P a r t i c l e s ,  

V i t r i n i t i c  P a r t i c l e s ,  
% of Whole Coal 88.8 9 2 . 1  94.0 91.0 

Whole Coal, w t  % o f  
Briquet* 30.2 34.0 32.2 29.2 

Whole Coal by Gravimetr ic  

v o l  % of Br ique t  28.5 31.9 29.9 27.2 

Whole Coal by P o i n t  Count/ 

Prepara t ion ,  % 90 101 112 102 

3A 

1.209 

26.5 

24.6 

92.1 

26.2 

99 

I 

I 

1 
3B I 
26.5 I 

a 
28.9 I 

1.209 

27.1 

91.2 

109 

*Based on average  v i t r i n i t i c  p a r t i c l e  conten t  of whole c o a l  = 91.6 v o l  %. 

Sample No. 

1 

2 

3 

4 

5 

6 

7 

Table 3. ANALYSIS OF CYCLONE DUSTS 

Br ique t  Feed Coal Content, w t  % 
No. I n i t i a l  Reground Average 

1013 

1015 
1016 

1014 

1005 
io08 

1007 
1009 

1011 
1012 

1006 
1010 

14 

5.0 

5.7 
8 . 2  

5.8 

2.9 
6.6 

6.6 
7.1 

7.8 
7.1 
7.0 
9.3 

4.4 4.7 

6.6 6.3 
6.0 

4.5 5.2 

4.4 3.2 
5.0 

7.1 6.6 
8.1 

8.5 8.0 

7.8 

8.6 

7.3 
7.4 
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The h igh  r e s o l u t i o n  NMR of  two important  n u c l e i  (13C and 'D) i n  t h e  s o l i d  

s ta te  is now a p r a c t i c a l p o s s i b i l i t y .  This  adds a u s e f u l  t o o l  t o  t h e  a r s e n a l  

of  a n a l y t i c a l  chemistry i n  t h e  area of s o l i d  m a t e r i a l s  which are i n s o l u b l e  

o r  otherwise not  amenable t o  c l a s s i c a l  spec t roscopic  techniques.  The 

s tudy of I 3 C  i s  made p o s s i b l e  by a double  resonance method (Proton Enhanced 

NMR) due t o  P i n e s ,  Gibby and Waugh and has  now reached t h e  s t a g e  where 

a n a l y s i s  of some f u n c t i o n a l  groups i n  c o a l  i s  p o s s i b l e .  

p i c t u r e  o f  t h e  method w i l l  be  g iven  i n  t h e  t a l k .  

shows s p e c t r a  on our spectrometer  and our  computer from a sample of c o a l  from 

D r .  F. Mayo a t  SRI working on a n  ERDA f o s s i l  energy r e l a t e d  p r o j e c t .  A t  

top is t h e  I 3 C  proton  enhanced NMR spectrum. A t  bottom are t h e  computer 

generated l ineshape  ana lyses  f o r  f o u r  carbon types  ( a l i p h a t i c  262, e t h e r  13%, 

aromatic  53% and polycondensed aromat ic  8%) .  I n  t h e  c e n t e r  i s  t h e  computer 

s imula t ion  done by adding t h e  f o u r  shapes a t  t h e  bottom and adding some 

noise--you must a g r e e  t h a t  t h e r e  is some s i m i l a r i t y  wi th  t h e  experimental  

spectrum. W e  thus  b e l i e v e  the  method i s  quick  and reasonably  r e l i a b l e  

(% 10%) f o r  s tudying  whole c o a l s ,  c o a l  process ing ,  c o a l  by-products and 

o t h e r  f u e l  r e l a t e d  m a t e r i a l s .  

t a l k  and d i s c u s s  t h e  advantages and l i m i t a t i o n s  of t h e  method. 

A s imple  p h y s i c a l  

A s  an example, F igure  1 

We s h a l l  show s e v e r a l  examples of t h i s  i n  t h e  

15 



The study of 'D NMR i n  t h e  s o l i d  adds a new p o s s i b l e  dimension s i n c e  

i s o t o p i c  l a b e l i n g  d u r i n g  process ing  could be  fol lowed d i r e c t l y  i n  t h e  

s o l i d  state. This  w a s  cons idered  u n t i l  r e c e n t l y  a p a r t i c u l a r l y  n a s t y  

nucleus s i n c e  'D l i n e w i d t h  are t y p i c a l l y  200 KHz (s  1000 ppm wide) i n  the  

s o l i d  state. A method due t o  Vega, Sha t tuck  and Pines  (Four ie r  Transform 

Double Quantum NMR) now b r i n g s  t h i s  nuc leus  i n t o  t h e  realm of h igh  

r e s o l u t i o n  and t h e  p o s s i b i l i t y  of a n a l y t i c a l  a p p l i c a t i o n s .  Again, a 

simple p h y s i c a l  p i c t u r e  of t h e  method w i l l  be presented  i n  the  t a l k .  

A s  a n  example, F i g u r e  2 shows t h e  f i r s t  r e s o l u t i o n  of  deuter ium chemical 

s h i f t s  i n  t h e  s o l i d  s ta te .  A t  top i s  a n  NMR f r e e  induct ion  decay taken 

by t h e  double  quantum method. The Four ie r  t ransform spectrum a t  t h e  

bottom shows t r u e  'D chemica l ly  s h i f t e d  l i n e s ,  one due t o  the  COOD and 

one due t o  HDO. 

w i l l  be descr ibed  and i t s  p o s s i b i l i t i e s  and l i m i t a t i o n s  discussed.  

S e v e r a l  r e c e n t  examples of t h i s  s o l i d  s t a t e  'D spectroscopy 

* 
Supported by U.S. Energy Research and Development Adminis t ra t ion.  
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INTRODUCTION 

The "standard" 1 3 C  nmr techniques,  inc luding  pulse  Four ie r  t ransform (FT) 
approaches1 have n o t  been genera l ly  u s e f u l  f o r  s o l i d  samples because o f  (1) 
the excess ive  l i n e  broadening due t o  d ipole-d ipole  i n t e r a c t i o n s  between 1% and 
1H magnetic d i p o l e s ,  (2) chemical s h i f t  a n i s o t r o p i e s  ( d i f f e r e n t  s h i e l d i n g  
va lues  f o r  t h e  many d i f f e r e n t  o r i e n t a t i o n s  of the  molecules i n  an amorphous 
s t a t e  with r e s p e c t  t o  the  magnetic f i e l d  d i r e c t i o n ) ,  and (3)  long l3C s p i n -  
l a t t i c e  r e l a x a t i o n  t i m e s  A l l  of  these  problems a r e  e l imina ted  i n  
l i q u i d s  ( o r  i n  the case of long T1 va lues ,  a t  least  g r e a t l y  reduced) by t h e  
normal tumbling motions occurr ing  randomly i n  the l i q u i d  s t a t e .  

For an a n a l y t i c a l  technique i n  the f i e l d  of f o s s i l  f u e l s ,  the  c o n s t r a i n t  
t o  l i q u i d  samples has  been very r e s t r i c t i v e .  For many types of samples, 
e .g . ,  o i l  s h a l e s  and t y p i c a l  c o a l s ,  only a small f r a c t i o n  of  the organic  
substances can be e x t r a c t e d  from a s o l i d  under mild condi t ions  t h a t  would 
be expected t o  r e t a i n  the  primary s t r u c t u r a l  i n t e g r i t y  of  the  organic  
compounds. 

The r e c e n t l y  developed techniques used to  narrow the  l i n e s  of  13C nmr s i g n a l s  
i n  s o l i d s  a r e  high power 'H decoupling3 and magic-angle spinning.4-7 
former involves  i r r a d i a t i o n  of t h e  proton manifold a t  the  l H  resonance frequency.  
It i s  analogous t o  the  comon "spin-decoupling" technique f o r  e l i m i n a t i n g  s p l i t -  
t i n g s  due t o  i n d i r e c t  sp in-sp in  coupl ing  i n  s tandard  h i g h - r e s o l u t i o n  nmr 
experiments;  b u t  i t  r e q u i r e s  much h igher  r a d i o  frequency poweri because d i r e c t  
d i p o l a r  I 3 C , l H  i n t e r a c t i o n s  are much l a r g e r  than i n d i r e c t  13C, H coupl ing  
cons tan ts .  

The 

The importance of magic-angle sp inning  i s  t h a t  r a p i d  sample spirui ing a t  
the mogic onglc  r l imJnatcs  Lhc e f f r c t s  o f  chemical s h i f t  an iso t ropy ,  k, 
averaging the  resonance p o s i t i o n s  corresponding t o  the var ious  o r i e n t a t i o n s  
of  a p a r t i c u l a r  type of  carbon atom i n  the s o l i d  sample to  the i s o t r o p i c  l i m i t  
t h a t  would be observed i f  the sample were i n  a nonviscous l i q u i d  state.'y8 
This  i s  because the  a n i s o t r o p i c  p a r t  of  the s h i e l d i n g  tensor  involves  a t r igono-  
m e t r i c  f a c t o r  which vanishes  a t  a va lue  54.7O ( t h e  magic angle)  f o r  the a n g l e  
between a s h i e l d i n g  tensor  a x i s  and t h e  magnetic f i e l d  a x i s .  
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The remaining source  of  l i n e  broadening expected of  I 3 C  resonances i n  
s o l i d  f u e l s  i s  the  d i s p e r s i o n  of ( i s o t r o p i c )  chemical s h i f t s  of a given 
class of carbon atoms over  a range due t o  s u b t l e  s t r u c t u r a l  d i f f e r e n c e s  
a s s o c i a t e s  w i t h  t h e  complex s t r u c t u r a l  v a r i a t i o n s  i n  such samples. This  
d i s p e r s i o n  of chemical s h i f t s  i s  not removed by the techniques d iscussed  i n  
t h i s  paper, and is u l t i m a t e l y  a genuine source of  s t r u c t u r a l  information.  

The t h i r d  problem mentioned above, the long s p i n - l a t t i c e  r e l a x a t i o n  t i m e s  
i n  s o l i d s ,  i s  circumvented by the  development by Waugh and cnworkers of c ross  
p o l a r i z a t i o n  methods , o r  Proton Enhanced Nuclear Induct ion  Spectroscopy. 
I n  c ross  p o l a r i z a t i o n  a n  enhanced I3C magnet iza t ion  i s  achieved a t  a r a t e  
much f a s t  
t i o n  

where rc and rH a r e  the  magnetogyric r a t i o s  of 13C and 'H, r e s p e c t i v e l y .  

than t h e  rate of rees tab l i shment  of a n  equi l ibr ium I 3 C  magnetiza- 
"C s p i n - l a t t i c e  r e l a x a t i o n .  This  i s  achieved by the  'H sp in- lo  k 

procedure3 and the e s t a h l i s h m e n t  of  Hartmann-Hahn condi t ions ,  YCHP = TEH1 f , 

Although s e v e r a l  v a r i a t i o n s  of  the g e n e r a l  type of c ross  p o l a r i z a t i o n  
experiment have been sugges ted ,  t h e  form emplo e d  i n  t h i s  work i s  t h a t  
o r i g i n a l l y  descr ibed  by Pines ,  Gibby and Waughg f o r  13C; i t  i s  shown 
schemat ica l ly  i n  F i g .  1. The key f e a t u r e  r e s p o n s i b l e  f o r  the  success  o f  the 
c r o s s  p o l a r i z a t i o n  experiment  f o r  1 3 C  i n  s o l i d  samples i s  the r a p i d  t r a n s f e r  o f  
magnet iza t ion  from the  pro ton  s p i n  s e t  t o  t h e  I 3 C  s p i n  set  under the Hartmann- 
Hahn condi t ion .  This  t r a n s f e r  permits  the  es tab l i shment  and r e p e t i t i v e  r e e s t a b l i s h -  
ment of the I3C s p i n  p o l a r i z a t i o n  needed f o r  1 3 C  nmr d e t e c t i o n ,  wi thout  wai t ing  
t h e  long t i m e s  ( t h r e e  t o  f i v e  I3C T1's) requi red  f o r  es tab l i shment  of t h e  
p o l a r i z a t i o n  via normal 1 3 ~  s p i n - l a t t i c e  r e l a x a t i o n  procesEs .  The experiment can 
be  repea ted  a f t e r  w a i t i n g  f o r  the protons t o  r e p o l a r i z e  ( t h r e e  t o  f i  ' IH T1's). 
T h i s  r e p o l a r i z a t i o n  i s  g e n e r a l l y  a much more e f f i c i e n t  process  than "C 
r e p o l a r i z a t i o n  by s p i n - l a t t i c e  processes .  

Using t h e  cross-polarization/high-power 'H decoupl ing technique,  I 3 C  
s p e c t r a  of the  type  shown i n  Fig.  2 were obta ined .  A v a r i e t y  o f  f a c t o r s  
prec lude  us ing  s p e c t r a  obta ined  i n  t h i s  way d i r e c t 1  u a n t i t a t i v e  
de te rmina t ion  of t h e  a l i p h a t i c  carbon/aromatic carb:n rat io9"These f a c t o r s  
i n c l u d e  chemical s h i f t  a n i s o t r o p i e s  
c r o s s - p o l a r i z a t i o n  e f f i c i e n c i e s  and the undetermined d i s t r i b u t i o n  of r e l e v a n t  
pro ton  r e l a x a t i o n  times. 
coming o r  c h a r a c t e r i z i n g  these  f a c t o r s ,  a s u b j e c t  of cont inuing  r e s e a r c h  i n  
t h e s e  l a b o r a t o r i e s .  Never the less ,  we have observed a very  i n t e r e s t i n g  and use- 
f u l  c o r r e l a t i o n  o b t a i n e d  d i r e c t l y  from t h e  raw s p e c t r a .  

f o r  th  

and r e l a t e d  peak over laps ,  unequal 

This c u r r e n t  l i m i t a t i o n  can be  e l imina ted  only  by over- 

In  the spccLra or Lhc Lypc shown i n  F i g .  2 ,  Lhc reg ion  Lo the  r f g h t  (h ighcr  
s h i e l d i n g )  o i  the a rb iLrar i ly-drawn v e r t i c a l  dashed l i n e  can be i d e n t i f i e d  
l a r g e l y  wi th  the resonances  of  a l i p h a t i c  carbons,  whi le  the region t o  thc l e f t  
i s  a s s o c i a t e d  mainly w i t h  a romat ic  carbons (perhaps some o l e f i n i c  carbons and 
carbonyl  carbons) .  I f  t h e  a r e a  under t h e  spectrum t o  the  l e f t  of the  l i n e  is 
r e f e r r e d  t o  as A ,  t h e a r e a  t o  t h e  r i g h t  as B,  and the t o t a l  a r e a  ( A B )  as C ,  
then  A/C i s  roughly t h e  f r a c t i o n  o f  t o t a l  o rganic  carbon t h a t  is aromat ic  and B/C 
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is roughly t h e  f r a c t i o n  which i s  a l i p h a t i c .  
o rganic  carbon i n  the  sample, measured independent ly  (by t o t a l  carbon minus 
carbonate  and b icarbonate) ,  the  q u a n t i t y  AF'/C i s  a n  i n d i c a t i o n  of t h e  p e r c e n t  
aromatic  carbon i n  the sample and BP/C i s  the  percent  a l i p h a t i c  carbon.  F igures  
3 and 4 show the r e s u l t s  of p l o t t i n g  these  f r a c t i o n s  a g a i n s t  o i l  y i e l d  ( g a l / t o n ) .  
For t h e  twenty o i l  s h a l e s  and kerogens examined i n  t h i s  s tudy,  t h e  t o t a l  
o rganic  carbon content  (P) ranged from 11 t o  81 percent  (by weight)  and the  
(apparent)  f r a c t i o n  of a l i p h a t i c  carbon (B) ranged from 0.37 t o  0.85. 

Then, i f  P is  the percent  (by weight)  

Fig.  3 i n d i c a t e s  t h a t  t h e r e  i s  l i t t l e  c o r r e l a t i o n  between the  amount of  
aromatic  carbon i n  a n  o i l  s h a l e  and i t s  o i l  y i e l d .  By c o n t r a s t ,  F i g .  3 
shows a high l e v e l  of c o r r e l a t i o n  between the  amount of  a l i p h a t i c  carbon i n  
a n  o i l  s h a l e  and t h e  y i e l d  of  o i l  obta ined  i n  r e t o r t i n g .  These r e s u l t s  suppor t  
the t h e s i s  t h a t  i t  i s  the  a l i p h a t i c  p a r t  of the kerogen t h a t  i s  l a r g e l y  
respons ib le  f o r  the  o i l  r e t o r t e d  from o i l  s h a l e .  The r e s u l t s  a r e  a l s o  con- 
s i s t e n t  wi th  e a r l i e r  evidence t h a t  h igher  H/C r a t i o s  i n  o i l  shales a r e  a 
wi th  higher  o i l  yie1ds. l '  Furthermore, the  r e s u l t s  sugges t  t h a t  r e f i n e d  '3C 
nmr measurements ( f a s t e r  and more a c c u r a t e )  may provide a convenient method f o r  
determining n o t  only the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of kerogen, b u t  a l s o  t h e  
economic p o t e n t i a l  of i n d i v i d u a l  s h a l e s .  

o c i a t e d  

S imi la r  experiments on a wide range of coa l  samples a r e  underway and w i l l  
be descr ibed i n  t h e  t a l k .  The r e s o l u t i o n  of aromatic  and a l i p h a t i c  carbons 
can be improved from what i s  shown i n  F i g .  2 by magic-angle sp inning .  The 
consequences of  t h i s  improvement are a l s o  d iscussed .  
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Figure Captions 

Figure 1. Timing sequence of 'H and I 3 C  i r r a d i a t i o n  and I3C observa t ion  i n  a I 

I 

I 

I 

t y p i c a l  c ross  p o l a r i z a t i o n  experiment. 

Figure 2. Cross p o l a r i z a t i o n  s p e c t r a  of  t h r e e  o i l  s h a l e s  wi th  d i f f e r e n t  a l i p h a t i c  
C/aromatic  C r a t i o s .  
the  a l i p h a t i c  from the a romat ic  reg ions  of  the  s p e c t r a .  

The a r b i t r a r y  v e r t i c a l  l i n e  roughly s e p a r a t e s  

Figure 3 .  A p l o t  o f  the  apparent  percent  aromatic  carbon (AP/C) of  twenty 
o i l  s h a l e s  'and kerogens E. the  o i l  y i e l d s  of the o i l  s h a l e s  i n  g a l / t o n .  

A p l o t  o f  the apparent  percent  a l i p h a t i c  carbon (BP/C) of  twenty 
o i l  s h a l e s  and kerogens E. the  o i l  y i e l d s  of  the  o i l  shales i n  
g a l / t o n .  

Figure 4 .  
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A CARBON-13 NMR INVESTIGATION OF THE CHEMICAL COMPOSITION OF COAL DERIVED LIQUIDS 

Ronald J .  Pugmire, K u r t  W. Zi lm, David H. B o d i l y  
David M. Grant, H i r o n o r i  I t o h ,  Susumu Yokoyama 

Departments o f  Chemistry, and Min ing,  M e t a l l u r g y  and Fuels Engineer ing 
U n i v e r s i t y  o f  Utah, S a l t  Lake City, Utah 84112 

The recen t  increased importance o f  coa l  as an energy source has d i c t a t e d  t h a t  I 
more knowledge be ob ta ined  about  the  bas i c  molecular  p r o p e r t i e s  o f  t h e  s o l i d  and 
i t s  conversion p r o p e r t i e s .  
has been employed on a l i m i t e d  bas i s  f o r  t h e  ana lys i s  o f  coal de r i ved  l i q u i d s  as 
w e l l  as pet ro leum samples. Extens ive C-13 NMR work has been c a r r i e d  ou t  i n  o u r  
l a b o r a t o r i e s  on Utah coa l  de r i ved  l i q u i d  samples which have been subjected t o  LC 
and GPC separa t i on  techniques.  NMR da ta  taken a t  25 MHZ and 75 MHZ have been 
analyzed on t h e  a c i d i c ,  bas ic ,  and n e u t r a l  p o r t i o n s  o f  t h e  o i l s  i n  quest ion.  
These data have demonstrated t h a t  va luab le  chemical i n f o r m a t i o n  can be r e a d i l y  
obta ined on a romat i c  and hydroaromatic r i n g  s t r u c t u r e s  and r i n g  s u b s t i t u e n t s  i n  
coa l  l i q u i d s  ob ta ined  from d i f f e r e n t  sources. 
r e s u l t s  w i l l  be d iscussed.  

I. I n t r o d u c t i o n  

S t a r t i n g  as e a r l y  as 1966, Carbon-13 NMR spectroscopy 

I 

I 
The chemical s i g n i f i c a n c e  o f  these 

The recen t  increased importance o f  coa l  as an energy source has d i c t a t e d  

I 

I 

I 

I 

t h a t  more knowledge be obta ined about t h e  b a s i c  molecular  p r o p e r t i e s  o f  t h e  
s o l i d  and i t s  conve rs ion  products .  I n  the  s o l i d  form, coal  does n o t  r e a d i l y  
l end  i t s e l f  t o  a d e t a i l e d  mo lecu la r  c h a r a c t e r i z a t i o n .  However, r e c e n t  advances 
i n  experimental techniques1 have been q u i t e  encouraging and promise t o  shed new 
l i g h t  on t h i s  chemical s t r u c t u r a l  c h a r a c t e r i s t i c  o f  s o l i d  hydrocarbons. 

magnetic resonance has been employed on a l i m i t e d  bas i s  f o r  t h e  ana lys i s  o f  
coa l  der ived l i q u i d s  as w e l l  as pet ro leum  sample^.^^^ 
somewhat hampered i n  these i n v e s t i g a t i o n s  due t o  such comp l i ca t i ng  f a c t o r s  as: 
1 )  inst rument  s e n s i t i v i t y  and techniques; 2 )  t h e  l a c k  o f  an ex tens i ve  r e s e r v o i r  
of Carbon-13 magnetic resonance (CMR) da ta  on which t o  base d e t a i l e d  s p e c t r a l  
i n t e r p r e t a t i o n ;  and 3)  t h e  ext remely complex chemical composi t ion o f  t h e  m a t e r i a l s  
under i n v e s t i g a t i o n .  
f o r  the a n a l y s i s  o f  complex hydrocarbon i n v e s t i g a t i o n  have l a r g e l y  been over-  
come i n  t h e  pas t  5-7 years w i t h  the advent o f  f o u r i e r  t rans fo rm NMR techniques.5 
Many e a r l y  workers i n  t h e  CMR f i e l d  concentrated t h e i r  e f f o r t s  on hydrocarbons 
and by t h e  e a r l y  1970s a f a i r l y  ex tens i ve  body o f  chemical s h i f t  data on f o s s i l  
f ue l  der ived hydrocarbons was emerging.6 Advances i n  i ns t rumen ta t i on  has . 
s i g n i f i c a n t l y  a ided i n  t h i s  i n t e r p r e t a t i o n  o f  t h e  composit ion o f  complex hydro- 
carbon m ix tu res .  
a r o m a t i c i t y  o f  v a r i o u s  coa l  s a m p l e s 2 ~ 3 ~ 4 ~ 6 y 7 ~ 8  and average molecular  parameters,g 
o n l y  l i m i t e d  progress was made i n  inc reas ing  the  s o p h i s t i c a t i o n  o f  t h e  a n a l y t i c a l  
r e s u l t s  obta ined by means o f  CMR. 
t h e  e x t r a c t s  f rom coal . lo , l l  However, r e c o g n i t i o n  o f  t h e  necess i t y  t o  f r a c t i o n a t e  
coa l  de r i ved  l i q u i d s  i n  o rde r  t o  enhance sample a n a l y s i s  has prov ided use fu l  new 
in fo rma t ion  rega rd ing  t h e  chemical s t r u c t u r e  o f  t h e  l i q u i d .  12,13 While LC 
and GPC separa t i on  schemes r e q u i r e d  t o  f r a c t i o n a t e  the  coal  l i q u i d s  a r e  w e l l  
known, they  i n v o l v e  s i g n i f i c a n t  e f f o r t .  

Th i s  work i s  t h e  f i r s t  i n  a se r ies  d e s c r i b i n g  the chemical i n f o r m a t i o n  
de r i ved  f r o m  t h e  LC and GPC chromatographic separat ion and CMR a n a l y s i s  o f  t h e  
l i q u e f i c a t i o n  p roduc ts  o f  Hiawatha h i g h  v o l a t i l e  b i tuminous coa l .  

S t a r t i n g  w i t h  t h e  work o f  F r i e d e l  and R e t c o f ~ k y , ~ , ~  Carbon-13 nuc lea r  

E a r l y  works were 

The problems associated w i t h  adequate i ns t rumen ta t i on  

Whereas, e a r l y  s tud ies  were concerned w i t h  such problems as 

More recen t  workers focused on a n a l y s i s  o f  I 

I 
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11. Experimental 

A. L i q u e f i c a t i o n  and Separat ion Procedure 

The coa l  used i n  t h i s  s tudy was Utah h igh  v o l a t i l e  bituminou;+B rank. The 
d e t a i l s  o f  t h e  hydrogenat ion procedure have been g i ven  elsewhere. 
hydrogenation product  was i n i t i a l l y  ob ta ined  as a " l i g h t  l i q u i d "  and "heavy 
l i q u i d "  p roduc t  i n  t h e  two condenser u n i t s  o f  t h e  r e a c t o r .  
genated p roduc t  was separated i n t o  sa tu ra tes ,  monoaromatic, d ia romat i c ,  t r i a r o -  
ma t i c ,  and po lya romat i c /po la r  f r a c t i o n s  u s i n g  g r a d i e n t  e l u t i o n  th rough  dua l -  
packed ( s i l i c a  gel-alumina e l )  abso rp t i on  columns accord ing t o  t h e  technique 
descr ibed by H i r sch  e t  a l . "  Fu r the r  separa t i on  o f  these f r a c t i o n s  was ob ta ined  
by means o f  g e l  permeation chromatography (GPC) i n  accordance w i t h  t h e  pro-  
cedure o f  Haines and Thompson.16 The separa t i on  scheme employed i s  po r t rayed  
i n  F igure 1. 

The coa l  

The heavy coal hydro- 

B. NMR Procedures 

Proton spec t ra  f o r  each sample was obta ined on a Var ian EM-390 spect rometer .  
Carbon-13 NMR spec t ra  were obta ined on Var ian XL-100 and SC-300 sepectrometers, 
ope ra t i ng  i n  t h e  f o u r i e r  t rans fo rm mode. A t  25 MHZ, an 8K spec t ra  was ob ta ined  
on each sample us ing  0.8 sec. a c q u i s i t i o n  t ime, a 45' pu l se  ang le  and no p u l s e  
delay. 
t ime, a 45' p u l s e  angle, and no pu lse  delay. Deuterochloroform was used as 
so l ven t  and samples were r u n  i n  5 o r  10 mm tubes, depending on q u a n t i t y  o f  sample 
ava i l ab le .  
t o  compensate f o r  d i f f e r e n c e s  i n  carbon NOE o r  TI values. 

A t  75 MHZ, a 16 K spec t ra  was obta ined u t i l i z i n g  0.9 sec. a c q u i s i t i o n  

Standard broad-band decoupl ing was used and no at tempts were made 

111. Resul ts  and Discuss ion 

The d i s t r i b u t i o n  o f  m a t e r i a l s  d e r i v e d  f rom g r a d i e n t  e l u t i o n  through s i l i c a -  
alumina g e l  columns a r e  g i ven  i n  Table 1. The asphaltene and o i l  samples were 
f u r t h e r  separated by GPC techniques i n t o  seven sub f rac t i ons .  The a c i d i c  f r a c t i o n  
was f u r t h e r  separated by bo th  GPC and LC techniques i n t o  f i v e  GPC and f i v e  LC 
f r a c t i o n s .  The CMR data o f  se lec ted  f r a c t i o n s  o f  t h e  sa tu ra te ,  monoaromatic, 
d iaromat ic ,  t r i a r o m a t i c ,  p o l y l p o l a r  aromat ic  and asphaltene f r a c t i o n s  a r e  shown 
i n  F igures 2-10. 
species, t h e  sa tu ra tes  reg ion  i s  dominated by t h e  s p e c t r a l  l i n e s  assoc ia ted  w i t h  
normal p a r a f f i n  groups. Wi th subsequent f r a c t i o n s  one observes a marked decrease 
i n  unbranched p a r a f f i n i c  s t r u c t u r e  w i t h  l i t t l e  o r  no evidence o f  such s i d e  chains 
i n  t h e  l a s t  f r a c t i o n s  ( sma l les t  molecular  s i z e )  e l u t e d  from t h e  column. 
r e s u l t s  can be r a t i o n a l i z e d  by cons ide r ing  t h e  volume occupied by f l e x i b l e  a l k y l  
subs t i t uen ts  on t h e  aromat ic  r i n g s  i n  quest ion,  which, on t h e  bas i s  o f  e f f e c t i v e  
molecular  s i ze ,  would be q u i c k l y  e l u t e d  from t h e  column. 

By c l o s e l y  examining t h e  spect ra o f  each GPC f r a c t i o n  and comparing t h e  
l i n e  p o s i t i o n s  w i t h  those o f  model compounds, i t  i s  p o s s i b l e  t o  d e r i v e  s t r u c t u r a l  
features which can be used t o  a r r i v e  a t  types o f  molecular  spec ies t h a t  may be 
present. For  instance,comparison of  F igu re  4 w i t h  F igu re  6, 7, 9 and 10 i l l u s -  
t r a t e s  t h a t  o n l y  a r e s t r i c t e d  number of p o s s i b l e  a l i p h a t i c  and/or c y c l o a l i p h a t i c  
s t r u c t u r e s  a r e  present  i n  s u b s t a n t i a l  amounts i n  t h e  sma l le r  mo lecu la r  weight  
f r a c t i o n s  o f  t h e  po lynuc lea r  aromat ic  and asphaltene compounds as compared w i t h  

It was noted t h a t  i n  GPC f r a c t i o n  number one o f  a l l  aromat ic  

These 
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t h e  monoaromatic f a m i l y  o f  compounds. I n  f a c t ,  t h e  banding s t r u c t u r e  i n  t h e  
a l i p h a t i c  reg ion  o f  F igu res  6, 7, 9, and 10 correspond t o  t h e  l i n e s  p r e d i c t e d  
f o r  hydroaromatic species t h a t  do n o t  c o n t a i n  a l a r g e  number o f  a l k y l  s ide  chains 
on t h e  c y c l o a l i p h a t i c  moei ty .  With t h e  except ion o f  GPC f r a c t i o n s  1 and 2 o f  
a l l  samples examined, which have a r e l a t i v e l y  h igh  percentage o f  n - a l k y l  s i d e  
chains,  one observes a genera l  preponderance o f  a l i p h a t i c  l i n e  pa t te rns  s i m i l a r  
t o  those  i n  F igu res  6, 7, 9, and 10. 

f e a t u r e s  o f  t h e  i n d i v i d u a l  o i l  f r a c t i o n s  examined. No at tempt  has been made t o  
p o r t r a y  a l l  t h e  s t r u c t u r a l  f ea tu res  t h a t  may be present  nor  t o  at tempt  t o  quan- 
t i f y  t h e  r e s u l t s .  Rather ,  s t r u c t u r a l  f ea tu res  a re  g i ven  f o r  t he  most e a s i l y  
i den  ti f i e d  mol e c u l a r  spec ies.  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  e l e c t r o n e g a t i v e  f u n c t i o n a l  groups con ta in -  
i n g  oxygen and n i t r o g e n  u s u a l l y  s h i f t  ad jacen t  carbon atoms s u f f i c i e n t l y  down- 
f i e l d ,  compared t o  carbons which do n o t  bear a s u b s t i t u e n t ,  t o  enable ready 
i d e n t i f i c a t i o n .  O f  t h e  34 GPC f r a c t i o n s  o f  t h e  o i l  f r a c t i o n s  examined i n  d e t a i l ,  
o n l y  3 f r a c t i o n s  e x h i b i t  evidence o f  such f u n c t i o n a l  groups. 
b e r  one i n  t h e  3 - r i n g  a romat i c  f r a c t i o n  was t h e  o n l y  sample exhab i t i ng  carbons 
con ta ined  i n  o r  ad jacen t  t o  an e s t e r  f u n c t i o n a l  group; i . e . ,  R-C-O-C-R. 
case o f  the po lya romat i c /po la r  f r a c t i o n ,  GPC f r a c t i o n s  f o u r  and seven d i s p l a y  
resonance l i n e s  i n d i c a t i v e  o f  t h e  presence o f  e the rs  and/or a l coho ls .  
f u n c t i o n a l  groups cou ld  n o t  be present  i n  more than a few ten ths  percent .  
t h e  CMR data suggests t h a t  t h e  m a j o r i t y  o f  t h e  oxygen and, perhaps t h e  n i t r o g e n  
compounds as w e l l ,  a r e  n o t  present  i n  t h e  o i l s  but, ra the r ,  have probably  con- 
c e n t r a t e d  i n  t h e  o t h e r  f r a c t i o n s  (ac ids ,  bases, and asphaltenes). The CMR da ta  
does n o t  pe rm i t  c o m e n t  on  t h e  presence o f  absence o f  n i t r o g e n  o r  s u l f u r  species. 

Wi th  the  excep t ion  o f  GPC f r a c t i o n s  1, 2, and 3 o f  t he  sa tu ra tes  f r a c t i o n ,  
which con ta in  a lmost  e n t i r e l y  normal p a r a f f i n s ,  t h e  spec t ra l  l i n e s  a r e  so com- 
p l e x  t h a t  a t  25 MHZ o n l y  a smal l  f r a c t i o n  o f  t he  chemical i n f o r m a t i o n  a v a i l a b l e  
can be  i n t e r p r e t e d .  An i l l u s t r a t i o n  example o f  t h e  power o f  carbon-13 NMR tech-  
n iques t o  s i m p l i f y  t h e  problem somewhat i s  i l l u s t r a t e d  i n  F igures 11, 12 and 13. 
I n  t h i s  case t h e  l i g h t  l i q u i d ,  which has n o t  been subjected t o  any f u r t h e r  sep- 
a r a t i o n ,  was examined a t  75 MHZ (F igu re  12) w i t h  t h e  corresponding 25 MHZ spectrum 
( F i g u r e  11) i nc luded  f o r  purposes o f  comparison. The increased f i e l d  o f  t h e  
superconduct ing spect rometer  n o t  o n l y  prov ides a t h r e e - f o l d  i nc rease  i n  l i n e  
d i s p e r s i o n  bu t  a l s o  g r e a t l y  increases t h e  s e n s i t i v i t y .  
f i e l d  one can r e s o l v e  n e a r l y  a l l  o f  t h e  l i n e s  i n  t h e  spectrum i n  F igu re  11. ( I t  
i s  admi t ted t h a t  t h e  l i g h t  l i q u i d  i s  l e s s  complex than the  GPC f r a c t i o n s  con- 
s i d e r e d  i n  t h i s  paper b u t  t he  comparison i s  i n f o r m a t i v e ) .  A 250 Hz p l o t  ( F i g u r e  
13) o f  a p o r t i o n  o f  t h e  a romat i c  r e g i o n  i n  F igu re  12 demonstrates the  weal th  of 
chemical i n fo rma t ion  t h a t  i s  a v a i l a b l e  i n  t h i s  sample. This  l i g h t  l i q u i d  sample 
has been subjected t o  a GC separa t i on  us ing g lass  c a p i l l a r y  column techniques by 
D r .  F. J. Yang.17 Using a f lame i o n i z a t i o n  d e t e c t o r ,  306 peaks i n  t h e  chromato- 
gram were reso lved  and measured by means o f  computer techniques. l7,I8 
o n l y  30-40 compounds a r e  p resen t  i n  s i g n i f i c a n t  amounts (ca. 1%). D r .  J .  N. 
Shoolery  has employed 13C NMR ana lys i s ,  us ing  microsampling  technique^,'^ t o  
i d e n t i f y  to luene as t h e  most prominent  component i n  t h e  l i g h t  l i q u i d . 2 0  The 
resonance p o s i t i o n s  o f  t o l u e n e  a re  marked i n  F igure 12. 

l i n e s  f o r  alkenes a r e  observed i n  n e a r l y  a l l  GPC f r a c t i o n s  s tud ied .  

The data i n  Table 2-6 p rov ide  a convenient  summary o f  t h e  general s t r u c t u r a l  

GPC f r a c t i o n  num- 

I n  t h e  

The 
Hence, 

Hence, w i t h  t h i s  h i g h e r  

However, 

I t  i s  i n t e r e s t i n g  t o  p o i n t  out, w i t h o u t  f u r t h e r  comment, t h a t  t h e  resonance 
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The GPC and LC subfractions of the acid fraction were examined i n  detai l .  
GPC fractions 4 and 5 were no t  studied due to  solubility problems in a solvent 
suitable for CMR studies. GPC fractions 1-3 exhibited resonance lines in the 
aromatic region associated with phenolic and carbazolic structures. However, 
l i t t l e  significant change was observed in either the aromatic or aliphatic 
regions as a function of molecular size. The five LC fractions examined also 
exhibited aromatic lines characteristic of phenol and carbozole derivatives. 
However, the relative changes in resonance line patterns were quite dis t inct ,  
especially in the saturate region, between the various fractions t h a t  were 
eluted from the column. Perhaps the most significant result i s  t h a t  only in 
sample LC-3 (the third sample collected from the column) one observes resonance 
lines from bo th  es ter  and ether functional groups. 
gel columns have functional separation characteristics, i t  i s  n o t  surprising 
that such discrimination i s  noted. 

hibited the resonance lines in the aromatic region characteristic of pyridine 
type compounds and their  derivatives. 

in obtaining chemical structural information on coal derived liquids. As with 
any analytical technique, the detail of the information obtained i s  dependent, 
to  some extent, on the sophistication of the separations scheme employed in 
order t o  reduce the number of compounds or compound types t o  a manageable level. 
However, even the most elaborate separation scheme renders individual compound 
identification very tedious i f  i t  must be carried o u t  manually. Fortunately, 
the advent of sophisticated data processing equipment may soon allow signif i -  
cant progress in this  area as archival f i l e s  and data manipulating sub-routines 
replace the inadequacies of human data analysis. 
will be discussed. 

Inasmuch as silica-alumina 

The basic fraction was subjected t o  LC separation techniques only and ex- 

The CMR data obtained demonstrates the u t i l i ty  of Carbon-13 NMR techniques 

The status of these techniques 
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flGURE 11 MR spectra o f  I l g h t  oil taken a t  25 mz. 
15.445 t r a n s i e n t s  were accumlaled.  l o l a l  t i m e  required was 8 hours. 
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FIELD DESORPTION MASS SPECTROMETRY - APPLICATION TO THE ELUCIDATION OF THE STRUC- 
TURE OF HLlMIC A C I D  by  R .  L. Idershaw, U.S. Geo log ica l  Survey,  Denver F e d e r a l  Cen te r ,  

Denver,  CO, 80225, D. F. Ba ro f sky  and E .  Ba ro f sky ,  Oregon Graduate  C e n t e r ,  Beave r ton ,  
Oregon, 97005 

P r o g r e s s  i n  t h e  e l u c i d a t i o n  of t h e  s t r u c t u r e  of humic a c i d s  has  been impeded, i n  
p a r t ,  by our i n a b i l i t y  t o  d i s s o c i a t e  humic a c i d  a g g r e g a t e s  i n t o  a n a l y z a b l e  u n i t s  and ,  
i n  p a r t ,  t o  t h e  n o n a v a i l a b i l i t y  of  adequa te  a n a l y t i c a l  t o o l s  t o  monitor  t h e  chemica l  
p rocedures .  F i e l d  d e s o r p t i o n  mass s p e c t r o m e t r y  (FDMS) h a s  t w o  p r o p e r t i e s  t h a t  make i t  
i d e a l l y  s u i t e d  t o  t h e  a n a l y s i s  of r e l a t i v e l y  l a r g e  molecu la r  a g g r e g a t e s  such  a s  humic 
a c i d s .  These a r e :  (1) The FDMS of most compounds e x h i b i t  predominantLy molecu la r  or  
pseudomolecular  i o n s  and ( 2 )  sample v o l a t i l i z a t i o n  is n o t  r e q u i r e d  p r i o r  t o  i o n i z a t i o n .  

t h a t  w e  have used t o  d i s s o c i a t e  humic a c i d  f r a c t i o n s  by e n a b l i n g  u s  t o  obse rve  t h e  
d i s s o c i a t e d  f r agmcn t s .  The most s i g n i f i c a n t  r e s u l t  a r i s i n g  o u t  of  t h i s  work t o  d a t e ,  
has  been the o b s e r v a t i o n  of humic a c i d  f r agmen t s  fo l lowing  e i t h e r  c h l o r i n a t i o n  o r  
p e r m e t h y l a t i o n ;  i n  u n t r e a t e d  samples  we g e t  no s p e c t r a .  
m e t h y l a t i o n  i s  a t t r i b u t e d  t o  a r e d u c t i o n  i n  hydrogen bonding.  

t h e o r y ,  i n s t r u m e n t a t i o n ,  and t e c h n i q u e s  The second p a r t  w i l l  p r e s e n t  t h e  r e s u l t s  Of 
t h e  a p p l i c a t i o n  of FDMS t o  t h e  s t r u c t u r a l  e l u c i d a t i o n  of humic a c i d  and t h e  g e n e r a l  
a p p l i c a b i l i t y  of FDPlS t o  s i m i l a r  problems. 

F i e l d  d e s o r p t i o n  mass s p e c t r o m e t r y  a l l o w s  u s  t o  mon i to r  t h e  chemical  r e a c t i o n s  

The d i s a g g r e g a t i o n  on per-  

The f i r s t  par t  o f  t h i s  pape r  w i l l  p r e s e n t  a b r i e f  su rvey  of FDMS, t h a t  i s ,  its 
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NOVEL APPROACHES FOR DETERMINATION OF DEGREE OF 
ASSOCIATION OF COAL-DERIVED PRODUCTS BY VAPOR PRESSURE OSMOMETRY 

W.C. Lee, I. Schwager, T.F. Yen 

University of Southern California, Chemical Engineering Department 
University Park, Los Angeles, California 90007 

INTRODUCTION 

Vapor Pressure Osmometry (WO) molecular weights of coal-derived as- 
phaltenes obtained from coal liquids produced in five major coal liquefac- 
tion demonstration processes have been determined as a function of concen- 
tration in the solvents tetrahydrofuran (THF) and benzene (1). It was shown 
that association of coal-derived asphaltenes takes place in both solvents 
over the concentration range of 4-36g/l. In this study, the W O  mole- 
cular weights of the same asphaltenes have been obtained over a wider con- 
centration range of 4-60g/l and a self-association model of asphaltenes in 
solution has been derived and the dissociation constants, one for the dis- 
sociation of dimeric complexes and one for the dissociation of higher or- 
der complexes, have been calculated with the aid of a modern computer. 

This is the first time that VPO has been used to quantitatively cor- 
relate the degree of association of coal-derived asphaltenes in solution, 
although a number of other techniques have been used in the past (2-8, 13, 
14). 

THEORETICAL 

In order to investigate the self-association of phenol in carbon 
tetrachloride solution, Coggeshall and Saier (2) carried out an IR study 
of the hydroxyl stretching region of phenol and dbtained very good agree- 
ment between theory and experiment by using two equilibrium constants. 
They derived the following two expressions: 

L J 
where 

n = integer 
a 

a = fraction of .monomer unassociated 
C = concentration in moles per liter 
K1 = dissociation constant of dimer 
E = dissociation constant of all other polymers =Kz=K 3... 
K = 2a' C / ( 1  - a) 
If C is the initial concentration of monomer before any association, 

and the molecular weights are Mo, ZMo, ~ M o ,  ... and nMo. 

= fraction of monomer bound in nth polymer 

at equilibrium the concentrations of monomer, dimer, trimer, etc., are C, 

2, y,... 
2 3  n 
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Since the molecular weight measured in VF'O is the number average molecular 
weight, it is given that 

a C  Mo aC + 2Mo + 3Mo 9 + ... 4- nMo n 
mobs = 2 3 n 3) 

c *[a + a+ + ... + 2 n 
3 " I  

where mobs is the number average molecular weight from VPO. 
With the use of the relationship 1 an = 1, 1' 

1 - x  
Equation 1, one may simplify Equation 3 and get 

=1 + x + xz + ..., and 

Mo 

4 )  

In theory, the equilibrium constants K and K1 can be obtained by s o l -  
ving Equations 2 and 4 simultaneously at two different concentrations. The 
approach will be discussed in the next section. 

EXPERIMENTAL 

Coal-derived asphaltenes were separated by solvent fractionation (9, 10) 
from coal liquids produced in five major demonstration liquefaction processes: 
Synthoil, HRI H-Coal, FMC-COED, Catalytic Inc. SRC, and PAMCO SRC. 

A Mechrolab Model 301A Vapor Pressure Osmometer was used to determine 
molecular weights with benzil employed as a standard. Both the non-aqueous 
probe and the thermostat were designed for 37'C. In normal runs, 6-8 mole- 
cular weights over the range 4-60 g/l were measured in the solvents benzene 
or THF. 

A modern computer was used to solve the calculation problem according 
to the following steps: 

!a) 
(b) Calculate for a and B at two concentrations, C, and Cz, from Equa- 

Assume values of K and K1. 

tion 4 where mobs is the molecular weightfrom VPO. 
concentration is C1, the fraction of monomer unassociated at e- 
quilibrium is a, and when the concentration is Cz, it is 8.  

When the 

(c) Substituting Cl, C z ,  a and B into Equation 2 and get 
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Since K is independent of concentration, by combining Equations 5 and 
6 ,  it is given that 

(d) Solve Equation 7 for K1 by the Newton-Raphson method. 
(e) Calculate K from Equation 5 -or 6 .  
(f) 

(g) 

Repeat the same procedures until the calculated values of K and KI 
are close enough to the assumed values. 
Using the equilibrium constants obtained above the molecular weights 
over the concentration range of 4-65 g/l can be calculated based 
on this model. The fraction of monomer unassociated at each concen- 
tration is obtained by solving Equation 2 and the fraction of 
monomer bound in any degree of polymer can be also obtained from 
Eqnation 1. 

A number of different equilibrium constant pairs, K and K1, have been 
tried for five asphaltenes in benzene. 
standard deviations between the experimental and calculated molecular weights 
have been chosen. 

RESULTS AND DISCUSSION 

The ones which afford the minimum 

The VPO molecular weights for all five coal-derived asphaltenes, 
in benzene are shown in Figs. 1 to 5 .  The results indicate that association 
of coal-derived asphaltenes takes place in both solvents over the concentra- 
tion range of 4-60 g/l. The calculated equilibrium constants, together with 
the standard deviations are summarized in Table I where the X Dev. is defined 
as: 

x 100% Standard Deviation of MW 
MW of Monomer 

All % Dev. values are less that 5.5%. 
model is efficient in describing the self-association of asphaltenes from five 
different processes in benzene and THF. 
fraction of monomer and monomer bound in dimer and trimer are also plotted in 
Figs. 1 to 5 for the five asphaltenes. 

and Mo/a This agrees with the experimental 
results obtained from VPO and reported in Reference (1) that molecular weight 
values found in different solvents, by extrapolating the plots to infinite 
dilution are in accordance. 
approximate the true monomer molecular weights and were used as Mo throughout 
this study. 

of techniques (3-8) and the mechanism of self-association has been described 
largely in terms of electronic association. 

This suggests that this two parameter 

The calculated molecular weights, 

It is interesting to note from Equation 4 that webs A Mo/a as C j 0 
Mo since a -1 as C 4 0. 

These infinite dilution molecular weight values 

The association of petroleum asphaltenes has been studied by a variety 

The mechanism of bonding in coal- 
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derived asphaltenes is important and is under study (11). The associa- 
tion of these species has been reported in terms of hydrogen bonded com- 
plexes which can be separated into acidic and basic components (12). 
hydrogen bonding of these two components and some model complexes has been 
further studied by NMR (13,14). Unfortunately, all of the reports on 
coal-derived asphaltenes contain only qualitative results. However, these 
studies tend to support the self-associationmodel derived here, since 
it is very likely that in solution dimer could be formed through the bond- 
ings between the acidic proton and basic nitrogen or oxygen of two mole- 
cules or trimer could be formed through the bondings between those of three 
molecules. The association of monomer into dimer, trimer in solution de- 
pends on the solvent used. It is more significant in the less polar sol- 
vent benzene than THF, so the variation of molecular weights vs. concen- 
tration in benzene is greater. 

tion of the polymers can be calculated from equilibrium constants at various temp- 
eratures and the mechanism of the bonding can be studied. This is the first time 
that V P O  has been used to quantitatively correlate the degree of association of 
coal-derived asphaltenes in solution. 

asphaltenes in benzene,it is found that Synthoil and PAMCO SRC asphaltenes 
have stronger association between molecules while FMC-COED and Cat. Inc. 
SRC asphaltenes have less. The equilibrium constants in THF are generally 
larger than in benzene, since THF is more polar solvent and tends to dis- 
sociate the asphaltene molecules as they are dissolved. But this disso- 
ciation tends to go to completion in either solvent at infinite dilution. 

The curves labeled 1,2,3 in Figs. 1to 5 show the distribution of 
asphaltene between monomer, dimer and trimer as a function of total as- 
phaltene concentration. For example, if 20 gm of Cat. Inc. SRC asphaltene 
is dissolved in 1 1 benzene at 37"C, the fractions of monomer, dimer and 
trimer are 0.70, 0.18, 0.07 (from Fig. l), while the remaining 0.05 is con- 
tained as polymers higher than trimer . 
dimer and trimer can be calculated and are: 

The 

This study is significant because, based on this model, the heat of forma- 

Comparing the equilibrium constants Kl and K of these five different 

The concentrations of monomer, 

concentration of monomer (molesll) = 2O x 0.7 =2.9 x 1Ou2M 

concentration of dimer (molesll) = - x 0.18 x = 3.7 x 10-3M 

concentration of trimer (molesll) = - x 0.07 x = 9.7 x 10-'M 

If the rest is assumed tetramer then concentration of tetramer (molesll) = 

483 
20 
483 
20 
483 

- 20 o.05 I,& = 5.2 where the number 483 is the molecular weight 
483 

of monomer. 

asphaltene existing as the dimer reaches a maximum, and then decreases, and 
higher multimers become increasingly important. In highly concentrated so- 
lutions these larger multimers start to precipitate. Evidence for associa- 
tion of monomeric asphaltenes into 4-6 average layers in the solid state has 
been found by x-ray diffraction spectroscopy (15). 

In benzene solution, as the concentration increases, the fraction of 
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On t h e  D i s t r i b u t i o n  o f  Organic S u l f u r  Funct ional  Groups i n  Coal. 

Amir A t t a r  and Francois  Dupuis, Department of  Chemical Engineer ing,  
Univers i ty  of  Houston, Houston, Texas 77004. 

1. SULFUR IN COAL 

1) inorganic  s u l f u r  and 2) organic  s u l f u r .  I n  t h e  c l a s s  of  i n o r g a n i c  s u l f u r ,  
T r a d i t i o n a l l y ,  t h e  s u l f u r  i n  coal has  been considered i n  two c l a s s e s :  

two types  o f  compounds were considered:  The 
organic  s u l f u r  i s  a l l  t h e  s u l f u r  which i s  connected t o  t h e  hydrocarbon mat r ix .  
Standard a n a l y t i c a l  t echniques  ( 1 ) ( 2 ) ( 3 )  a r e  used t o  e s t i m a t e  t h e  concent ra t ion  
o f  each c l a s s  of  s u l f u r  i n  coa l  samples. 

The inorganic  s u l f u r ,  which i s  mainly i r o n  p y r i t e ,  FeSZ, i s  p r e s e n t  i n  t h e  
form of i s o l a t e d  c r y s t a l s .  
t h e  coa l  by s imple p h y s i c a l  s e p a r a t i o n .  
removed from c o a l  o n l y  i f  t h e  chemical bond between carbon and s u l f u r  i s  broken. 
The chemistry,  t h e  thermodynamics and t h e  k i n e t i c s  of  t h e  r e a c t i o n s  of  s u l f u r  i n  
coa l  have been reviewed r e c e n t l y  (4) (5) ( 6 )  and t h e  r e a d e r  i s  r e f e r r e d  t o  t h e s e  
manuscripts  f o r  d e t a i l s .  

from t h a t  o f  t h e  o r g a n i c  s u l f u r .  Moreover, s i n c e  t h e  organic  s u l f u r  i s  p r e s e n t  
i n  t h e  form of d i f f e r e n t  f u n c t i o n a l  groups,  each f u n c t i o n a l  group r e a c t s  a t  a 
d i f f e r e n t  r a t e  (6) ( 7 ) .  
2.  ORGANIC SULFUR FUNCTIONAL GROUPS IN COAL 

and on t h e i r  d i s t r i b u t i o n  h a s  been der ived  by d i r e c t  observa t ion  on c o a l .  
it i s  p l a u s i b l e  t o  assume t h a t  t h e  organic  s u l f u r  i s  p r e s e n t  i n  coa l  i n  t h e  same 
types  of s u l f u r  f u n c t i o n a l  groups t h a t  can be found i n  o i l s  and i n  o t h e r  organic  
s u l f u r  conta in ing  molecules .  
o rganic  chemistry is a p p l i e d  t o  t h e  s u l f u r  i n  c o a l ,  w e  can say  t h a t  t h e  organic  
s u l f u r  groups i n  coa l  r e a c t  i n  t h e  same way as  t h e i r  low molecular  weight homo- 
logs  and produce t h e  same types  of r e a c t i o n  products .  
RSH, can be reduced by hydrogen t o  hydrogen s u l f i d e ,  H2S: 

t h e  d i s u l f i d e s  and t h e  s h f a t e s .  

P a r t  o f  t h e  FeS2 p a r t i c l e s  a r e  u s u a l l y  separa ted  from 
However, t h e  organic  s u l f u r  can b e  

The chemistry of  t h e  r e a c t i o n s  of  FeS2 and t h e i r  r a t e  a r e  obvious ly  d i f f e r e n t  

Very l i t t l e  d a t a  on t h e  f u n c t i o n a l  groups i n  which t h e  organic  s u l f u r  appear  
However, 

Moreover, i f  a genera l  r u l e  t h a t  a p p l i e s  throughout  

For example, o r g a n i c  t h i o l s ,  

R - SH + H2 + RH + H2S (1) 

Thus, a l l  t h e  t h i o l s ,  i r r e s p e c t i v e  of t h e  s i z e  and t h e  shape of t h e  r a d i c a l s ,  R ,  
can be reduced by H2 t o  RH and HzS. 
may, however, e x i s t  f o r  d i f f e r e n t  R ' s .  

Var ia t ions  i n  t h e  r a t e  of  t h e  reduct ion  

The most impor tan t  s u l f u r  f u n c t i o n a l  groups i n  coa l  a r e  be l ieved  t o  be :  
1. d e r i v a t i v e s  o f  thiophenes and a l k y l  thiophenes 

The most important  p a r e n t  s t r u c t u r e s  a r e :  

Thiophene Thianaphene Dibenzothiophene 

2 .  a r y l  s u l f i d e s :  A r -  S- A r  ' 
3 .  a l i p h a t i c  s u l f i d e s :  R-S-R 
4. cyc lo  s u l f i d e s ,  e .g . ,  
5. th iaphenoles  
The presence o f  d i s u l f i d e s ,  s u l f o x i d e s ,  and s u l f o n e s  were never  demonstrated.  

I t  i s  be l ieved  t h a t  d i s u l f i d e s  and s u l f o x i d e s  a r e  too  u n s t a b l e  t o  s u r v i v e  t h e  
c o a l i f i c a t i o n  process .  Most of t h e  organic  s u l f u r  i s  p r e s e n t  i n  t h e  forms of  
thiophenes and a l k y l ,  a r y l ,  and c y c l i c  s u l f i d e s  ( 4 ) ( 5 ) ( 6 ) ( 7 ) .  Most of  t h e  
information was o b t a i n e d  from examination of  t h e  s m a l l e r  molecular  products  
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idiicli were o i , ~ a i n c d  Iiy hrcaking t h c  org;inic coal mat r ix  (dcpoly~i ic r iz :~ t ion) .  
Olivjnusly, t h e  Lcclliiiquc which i s  used t o  dcpolymcrizc tlic coal  would have a 
de te r in i l l i s t ic  e f f e c t  011 t h c  r c s u l t s ,  s ince  d r a s t i c  dcpolymcriznt ion tcchniques  
i i i i~y cli;iiigc t h e  structures of  tlic s u l f u r  c o n s t i t u e n t s  a s  wcl I a s  t h a t  o f  the 
Iiydriicarl,on I ia r t s .  
(1oiind i i i  the o l d e r  I i t c r n t u r c  (8) (9)  (10) (11) ( 1 2 ) .  
su l f i i r  groi i i is Ii;ivc rccci i t ly  hccn d iscussed  by A t t a r  and Corcoran (7). 
3 .  'l'lll! I'R I N C :  I I 1 L l  01: 'HIE PROPOSE[) FIE1'1101) 01: ANALYSIS 

h l  I [ ~ I C  s u l f u r  groups i n  coal can b c  rcduced by 

Scvcral  rcvjcws of  t h c  chemistry o f  sulfur i n  coa l  can bc  
Some a s p e c t s  o f  the  organic  

__ 
. .  

s u l f i d e ,  112s: 

1:cs2 + 1 1 2  .b FCS + 1I2S 

I:cs + 11. -+ 1:c + I I  s 2 2 
[ ( -S- l< '  + 211 

Ai.-S-Ar' + 211, -+ A r l l  + Ar'll + 11,s 
-+ KI1 + R'11  + i12S 

2 

+ I l l 2"  C4111" + I12S 

I;;ICII o~ i i icsc rc:ictions has a givcn a c t i v a t i o n  cncrgy and a frequency f a c t o r  
wl i i c l i  vary i l l  a I i n i i  t cd  r m g c  f o r  cach y r o u p  of  s u l f u r  compounds, whcn t h e  
s t r u c t u r e  ol' tlic orfi;~iiic radic;r1 i s  chnngcd. Othcr rcducing agcnts  which c o n t a i n  
liydrrig(,ri c:iii l jc iiscd w i  tli t h c  sainc c f f e c t i v c  r c s u l t s :  

'I'IiCsc oliscrvat ions l e a d  t o  t h e  fol lowing important  dcduct ions :  I .  I f  t h c  
:ictiv:itioii c i i c r yy  Ilai and t h e  frcqucncy f a c t o r  A i  f o r  t h e  r a t c  of  rcduct ion  of  
tlic i - t l i  I'iiiict.ivn;iI g r o u p  a r e  dctcrmincd,  tlic i-th group i s  trniqucly c h a r a c t e r i z e d .  
111 otlicr words, :I p ; ~ r t i c u l a r  value of E : i i  and A i  can bclong only t o  t h e  i - th  
!:roii]i, a n d  t l i c rc forc  tlicy dcf i l lc  t h e  i - t h  group and 
t I i ; i L  cvoIvc5 w l i c i i  tlic i - t h  g roup  is rcduccd i s  prvlmrtion:iI to t h e  amount of  t h c  
i - t l i  s i i I f u r  gi'uuli that. has bccii rcduccd. 
i n  tlic s:iiiililc W;IS rcduccd, thcn the  amount of  112s t h a t  evo lved  is p r o p o r t i o n a l  
t o  tlic :imouiit o f  tlic i - t h  group i n  t h e  sainplc. 

I n  order t o  I I C  a b l c  to dctcrminc tlic t o t a l  amount of cach s u l f u r  group i n  a 
f ixed s;i i~ipIc n f  c o a l ,  tlic fol lowing prohIcnis liavc t o  bo solvcd:  

I .  l lov t v  dctcriiiinc tiic : i c t iva t ion  cncrgy and t h c  frcqucncy f a c t o r  f o r  cach 
S U I  t-ur gro i ip .  

.?. l l n w  t o  q i i ; int i t : i t ively rcducc a l l  t h c  s u l f u r  i n  a coal sample t o  II S and 
how t o  dctcr'mi~ic i t s  : i m o u n t .  

' I ' I I c  : ict  ivatiiiii  ciicrgies :iiirl tlic frequcrlcy f a c t o r s  can tic detcrniincd u s i n g  
~liiIltJ!rli i~icLIi~id. 

2 .  l'lic r x a c t  ; ~ ~ n o u n t  o f  112s 

I f  ; i11  t h c  :nnount o f  tlic i - t h  group 

2 

Jii i i tgcii  nictliod and t h c  inictliods which we proved t h a t  can  bc used 
.cd i n  tlic ncxt scc t io i i s .  
(EIINIITION 01: E a i  ANI) A i  

o i i ta ins  n i'ixcd q u a n t i t y  of sulfur  i n  the form of  
I.ct us ;1ssiinic t h : ~ t  c:ich grou[l c a n  hc rCdUCcd t o  ( l i  f'fri.ciit f'lliict ioii:~ I j:roups. 

I iy ;I I ' i  r s t  v i . Jc r  r w c t  ion. ]:or cx:implc, cons idcr  tlic r rduc t ion  of tlic a l i p h a t i c  
s i l l  f ides :  

(8 1 

'I'iic iriclcx 1 W : I ~  I I S C ~  t o  dcriotc t h e  s u l f i d i c  Functional g roup ;  I < -S - I t ' .  l . c t ' s  
;ISSIIII~C Furthcr  t1 i : i t  tlic r a t c  c o n s t a n t ,  k l ,  depends on tlic temperature  according 
L O  A r r l i c i i i l l s  ci~rr:ition: 
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:I 1 
l i  

ICI' k l = A c  1 

whcrc A I  is  the frcqiicncy f a c t o r  and E,1 the  ac . t iva t ion  energy f o r  t h e  r e d u c t i o n .  
' I l l C l l  : 

'l'lic I.:IIC co i i s t  ; l i l t  o f  t h e  rcduct ion  bccomcs l a r g e r  a t  higher tcn1pcr:iturcs. " h a t  
III~:III~ th:it. tlic I-ntc of d c p l c t i o n  of  s u l f i d e  bcconics l a r g e r  a t  h igher  tempera tures .  
'I'Iic r : i t c  (if r v o l i c t i o n  of  l12S from a sample with a f i x e d  a~ncrtint of t h e  s u l f i d e ,  
~ I i i c I i  t e ~ ~ ~ p c r ~ ~ t i ~ r e  is gradual ly  increased ,  w i l l  i n c r e a s e  i n i t i a l l y  due t o  t h e  
i n c r c ; ~ s c  i n  tlic t c ~ i ~ p e r a t u r c ,  but s i n c e  tlic concci i t ra t ion o f  t h e  s u l f u r  i s  deple ted  
i i i  t h e  proccss ,  due  t o  t h e  evolution o f  I I ~ S ,  t h e  r a t c  w i l l  begin t o  decrease  a f t e r  
ii icrst  O F  tlic si11 I:ur was rcduccd. 'Ihc matliernatic;~l equat ion  which d e s c r i b e s  the  
r:it-c ut' C V O ~ I I I  io11 o f  gas a s  a func t ion  O F  t h c  tcnil)crrttl~re of ttic sample, where 
t l i c  t r ~ n p c r : i t ~ ~ i ~ ~ ~  is  incrc:lscd I incar ly  wi tli t h e  time were dcvcloped by Juntgen 
( 1 3 )  ( 1 4 ) .  Sulqiosc t h a t  tlic tc inpcrature  i s  increased  according t o :  

wlicrv '1" is Llic i 1 i i t i : i l  tcmpcr:iturc (OK), a t h e  rate .of hc;iting, "K/min, and t 
t l i c  tiiiic, III~II. 

rcduccd, fo  I I < w s  tlic equat ion:  
'I'licii t h e  V O ~ I I I I I C  o f  I lzS, V i ,  t h a t  evolves  whcn t h e  i - t h  group i s  

wlivrc V i m  dci i t r tcs  tlic t o t a l  voli~nie o f  111s t h a t  w i  1 1  cvolvc :IS :I r c s u l t  of  t h e  
c o i i i p l L ~ t r  rcd~ictioii  of thc i - t h  group.  'I'lic graph of  t h i s  func t ion  is sketchcd 
i II I:i 1:iirc I . 

rc:iclics i t s  i ~ i i ~ x i m i ~ ~ n  i s  dciiotcd by 
i l l id tlic ratc oI: hc:itint:, ( I :  

Iu'-. A .  
= c IU' . 

(1  1.:. ni L 

TIic ~ C I I ~ I N ~ ~ : I L I I ~ C  a t  which tlic r:itc of  evolu t ion  of 112s from t h e  i-tli g roup  
and i s  a uniquc funct ioi i  of E a i  and Ai 

, 
n i  I :  

(14) 
1111 I -- . .- 

.I I 

l : , l i i : i i i i v i  ( I S ]  IIIC;IIIS t l i : i t  i f  t h e  s:iniplc i s  hea ted  : I t  tlic co1ist:int r a t e  a ,  t h e  apex 
o l .  ! l i e  1I2S i c i h  from t l i c  i - t h  group,  which i s  rcduccd with a c t i v a t i o n  cncrgy 

i l l i d  l 'rc~lii~wcy f:ictor A i ,  w i l l  bc d i f f e r e n t  from t h a t  of tlic j group which 
is rcdiircd w i l l i  d i f f e r e n t  parameters ,  E;, j  and A , :  

K l i ( ~ i  :I ~ i i i x t ~ ~ r c  wl i i c l i  coiit:iins scvcr; i i  function;11 groups i s  rcduccd, t h e  
I I C ~ I ~ I V ~ ~ I I ~  of c.:icti sill f u r  1:roiip is sinii l a r ,  cxccpt  t l i ; i t  c:icJi pc;ik w i  I I nplrcar a t  
:I di l ~ l ~ ~ ~ v r n t  ' I 'm. I:igiirc 2 shows t h e  gr;ipli f o r  ;I inixturc of scvcr:iI groiips. 

<l;ll:l: 
'l'lic vedi~c t . i t~n  c u r v e ,  or the "kinetograni" can bc uscd t o  d c r i v e  the  fo l lowing  

I .  'I'lic I<K.:II io11 o f '  ' l ' II l i  i s  c l i ; ~ r ; i c t c r j ~ t i c  of tlic i - t h  f i i i i c t io i i : i l  group. 
2 .  ' 1 % ~ -  i i i t .cgv: i I  o f  t h c  Iienk of  each group i s  t h e  exac t  s to ich ionie t r ic  

c~l i~ iv : i Icn t  of tlic si11 f u r  group t h a t  has becn redriccd. 
t l i c  f r i ~ l i ~ c n c y  I':ic~or of t h e  r c a c t i o n  can be determined by ciirve p i t t i n g  of t h e  
d a t . : ~  t o  cqii.it i o 1 1  I ? .  

S l i g h t l y  d i f f c r c n t  v a r i a t i o n s  o f  t h i s  method wcre uscd by .Juntgen :and 
eo-workors t o  s t u d y - t l i c  r:ites of  coal p y r o l y s i s  and g a s i f i c a t i o n  (13) (14 )  (15) ,  

'l'lic ;ictiv;ltion cncrgy and 

3 .  
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11). (::iiiqiIicII : i i i d  Stcpl ic i i  (16) t o  s t u d y  tlic r n t c s  o f  c o a l  p y r o l y s i s .  :ind by 
Ycrgcy c c  :]I. ( 1 7 )  : ~ n d  R;iumai i  - c t  _- a i .  ( 1 8 )  t o  sttidy tlic r:itc of evolu t ion  o f  
I I z S  d i ~ r i n g  c w i I  1iydrogcii:ition. In  tlic l a t t e r  s t u d i e s ,  no t  a l l  the s u l f u r  was 
rcniovcd f r c > i i i  tlic co;li, t h c r c f o r c ,  quant i  t n t i o n  o f  t h e  s u i  f u r  groups cannot be 
doiic froiii tlic d a t a .  
s c u t  Cd I1c l o w .  
3 .  2 

tlic s u l f u r  j :rwips i n  ~ ( J L I I  w i l l  bc  q u ; i n t i t a t i v c  a r e :  

_. . . 

A more d e t a i l e d  d i s c u s s i o n  o f  t h e  q u a n t i t a t i o n  j s  pre-  

()lJANl'l ' i 'A'i 'ION 01: 'l'lil~ I I A I A  
'I'hc most iitiportaiit p roblcas  t h a t  should bc so lvcd  so t h a t  t h e  a n a l y s i s  O f  

1 . C O ~ l l ' ~ , i ~ i ' l ~  r cduc t ion  of  cach s u l f u r  group.  
2 .  
'I'Iic ni:i.jor d i  f f i c i i i t y  on t h c  road t o  obtnj i i  complcte r e d u c t i o n  o f  t h c  s u l f u r  

$!i-ocilis :ire m:iss tr:iiisfcr 1 i r n i  t :itjons. l'hc d i f f u s i o n  of t h e  redircing ngcrit i n t o  
tlic co:il p a r t  i c l c  i s  slow a n d  so  is  t h e  d i f f u s i o n  of t h c  112s o u t  o f  t h c  Coal 
p : i r t i c ics .  ' i hc~ ;c  pi-occsscs r e s u l t  i n  i n c o n i p ~ e t c  rcduct ion  of  tlic s u l f u r  and i n  
t l ic s1ire;idiiig O F  thc peak froin one group o v e r  a l a r g c  i i i tcrvnl  of  tcmpcrnture.  
'1'11 rmiucc t l i c  c r r c c t  o f  ~m:iss t r n n s f c r ,  wc uscd f i n e l y  d iv idcd  c o a l  p a r t i c l e s  and 
cottdiictcd tlic rcductioii in a s a l v c n t  which p a r t i a l l y  l i q u c f i c s  t h c  c o a l .  I n  
:iddil ioii, wc :icldcd Co-blo c a t a l y s t  t o  t h c  c e l l  t o  cnhance t h c  r a t c  of r e d u c t i o n  
(11 .  sill t-iir gix) i ips.  

(:oiiipIrtc rccovcry of a i  1 t h c  ilzS w:is imposs ih lc  wlicn ligiii t c  w i t h  a l a r g c  
coiitciit 01' ciilciiiiii C ; I I ~ ~ I O I I : I ~ C  ius  examincd. 
w i t h  thc  c:iihii:itc accord ing  t o :  

- . - .- 

~ : ~ M i ~ l , l ~ l ' i ~  rccovcry o f  a11 tlic I12S from each s u l f u r  groiip. 

ApparcntJy,  sonie of  t h e  112s r e a c t e d  

(::1(:03 + llZS - b  cas + co2 + II 0 (15) 2 

Phist o f  tiic h s i c  c:ii%on:itcs i i i  co:ri, c . g . ,  c ; i l c i t c ,  doloiiiitc, :ind s i d r i t c  can,  
I i o w c v ( * r ,  I)c c:isi l y  d i s s o l v c d  in d i l u t e  Iiydrocliloric a c i d  a n d  rcniovcd from t h e  
s;IIIIpIc. 

urpaiiir sui i.iii. Iicioir 3 7 O 0 C  and 100 p s i .  
' 1 ' 1 1 ~  : ~ j i ~ i ~ i ~ i t i o i i  o f  t h e  s p e c i a l  so lvcnt  permi t ted  us t o  rcducc most o f  the 

Iic ~ ~ x i ~ c r i m c n t : i i  systcoi c o i i s i s t s  O F  f i v c  p a r t s :  1 )  rcdi ic t ion c e l l ,  
1 )  hydrogcn 5111 f i d e  d c t c c t n r s ,  3 )  gas  flow systcitis. 4 )  I icatcr  and tempcr:iture 
progr:iiiiiiicr. :iii<I 5) rccordiiig :iiid signed processing dcvicc .  

( > . Y T C ~ , I  Cor t II(, rc~l i ic t ioi i  r c l l  :ire staiid:ird. Scvcrnl pro to types  o f  c c l  Is w e r e  
I i i i i  I L :ii icl tc5;lc-d i n  o i i r  l ; lboratory.  'rhc f i r s t  prototype i s  dcscr ibed  i n  
I : i ~ ~ i r v  4 .  

I r:id - :I L. c> t ;I t c* d c  t cc t o r* , 2) tlic f 1 :imc plio t omc t r i c. dc  t cc  t o r , a n d  3 1 c 1 c c  t ro 1 y t  ic 
d c t c c t u r .  'I'Iic F i r s t  two arc d i f f c r e i i t i n l  d e t e c t o r s ,  whi lc  tlic t h i r d  i s  an  
iiitcgra I d t . tcctor .  'I'hc d a t a  t1i :J t  a r e  r c p o r t e d  i n  t h i s  m;inuscript wcrc der ived  
t i s i n g  tlic I C ; I ~  a c c t a t o  clctector .  

'lll.'l'S ANI) l l l S ~ : l J S S i O N  
,UI ~ I I C : ; ~  ions a r c  : ~ d d ~ . c s s c d :  I .  tlic ic1ciitific:itioii 11v;iks w h i c h  bclong t o  

i:ij!iirr 3 s1;nws tlic ~unctioii:iI rc1;it i on  am(iiig tlic i i i i i t  5. A 1  I tlic conipoiicnts 

oi ic cummrrci:~I d c t c c t u r  ; i i i d  two modified d c t c c t o r s  wcrc t c s t c d :  I j  t h c  

~~ .. ... .~ 

:I s l w c i f i c  I . [ I I ~ C I  io~i:il !!rouli. 2 .  tlic v a r i a t i o n  i i i  tlic d i s t r ihuLior i  of  s u l f u r  
,! i~~ii l~:; i i i  ( I i  i.I.t~r(>iit c o : i i s .  
5 . I 

rcduccd j i rnks t l i i i t  hcloiig t o  n s p c c i f i c  s u l f u r  group wi 11 appcar a t  t h c  same 
tCiiiI1Cr:iturc. TIIIi , pi'ovidcd t h a t  the s m c  r a t c  o €  heat i i i g  i s  used,  aiid th:it t h c  mass 

,I I 1  I :VI'! !.:.I ! lA'-ll )N-ql: I'M RS 
'I'Iic pli i losuphy o f  tlic idci1t.i f jca t i .on  tccl iniquc is t h a t  wlicii s o l i d s  are  

. - ___ 
'I'lic c o u r t c ~ y  o f  Irlr. C .  Kimbcl I ,  1'resjdc:nt o f  I l o u s t o i ~  At I : is ,  who lonncd u s  
I ~ C  cqiiipi~ciit iiiid I i c l j i cd  us i i i  i t s  modi f i .cat ion i s  g r c a t l y  a p p r e c i a t e d .  
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t r a n s f e r  does not  l i m i t  t h e  r a t e  of  reduct ion .  Therefore ,  s o l i d  polymers t h a t  
conta in  only one s u l f u r  group, w i l l  produce one peak of s u l f u r  on ly ,  t h e  peak 

produce a peak which cor responds  t o  t h e  group 

Process  I 

reduct ion  of aromatic  s u l f i d e s .  However, t h e  r e d u c t i o n  o f  dibenzothiophene occurs  
a t  a h igher  temperature .  The reduct ion  o f  FeS2 occurs  i n  two s t a g e s  a s  expected: 

IH1 IH1 . >  . *  
FeS2 + FeS + H2S and FeS + Fe + H2S 

However, t h e  “sharpness” o f  t h e  peak depends on t h e  p a r t i c l e  s i z e  of t h e  FeS2. 
Small FeS2 produce v e r y  sharp  peaks and l a r g e r  FeS2 p a r t i c l e s  produce a “s luggish”  
peak. The FeS and Fe produce r e s i s t a n c e  t o  mass t r a n s f e r .  
6 .2  TESTS OF COAL AND LIGNITE SAMPLES 

Table 2 gives  t h e  d i s t r i b u t i o n  of s u l f u r  i n  I l l i n o i s  No. 6 c o a l ,  and i n  
Texas l i g n i t e .  F igure  7 shows t h e  kinetogram o f  t h e  I l l i n o i s  No. 6 coa l .  A 
t e n t a t i v e  assignment of f u n c t i o n a l  groups t o  t h e  peaks is given on t h e  c h a r t .  
Ext rac t ion  of  t h e  c o a l  with n i t r i c  ac id  removes t h e  p y r i t i c  s u l f u r  a l t o g e t h e r ,  
and s l i g h t l y  a f f e c t s  t h e  o r g a n i c  s u l f u r  a s  w e l l .  
n i t r i c  ac id  oxid izes  o r g a n i c  s u l f u r  t o  t h e  corresponding s u l f o x i d e s  (19).  
Figure 8 shows t h e  kinetogram o f  HN03 e x t r a c t e d  I l l i n o i s  No. 6 c o a l .  
shows a q u a n t i t a t i v e  e s t i m a t e  o f  t h e  d i s t r i b u t i o n  of  s u l f u r  groups i n  I l l i n o i s  
No. 6 and i n  Texas l i g n i t e .  

i ts r e s i s t a n c e  t o  mass t r a n s p o r t  i s  smal le r  than  t h a t  of bituminous coa l .  
of t h e  s u l f u r  i n  t h e  samples  t h a t  were t e s t e d  was organic .  
F igure  9 shows t h a t  t h e  organic  s u l f u r  i n  t h e  l i g n i t e  was e s s e n t i a l l y  i n  t h e  
form of i s o l a t e d  s i n g l e  th iophenic  r i n g s ,  and n o t  i n  t h e  form o f  dibenzothiophenes 
o r  a l i p h a t i c  s u l f i d e s .  
i n  c o a l s  i n  e a r l y  s t a g e s  o f  t h e  geologica l  c o a l i f i c a t i o n  of  wood. This  th iophenic  
s t r u c t u r e  condenses l a t t e r  t o  dibenzothiophenic  s t r u c t u r e s  e t c .  
observa t ion  was unexpected,  and we searched f o r  r e a c t i o n  mechanisms which may 
l e a d  to t h e  same exper imenta l  observa t ion .  
r e a c t i o n :  

The l a t t e r  i s  expected because 

Table 2 

Texas l i g n i t e  (Milam Co.) i s  more porous t h a n  bituminous c o a l ,  and t h e r e f o r e  
Most 

The kinetogram i n  

This  i n d i c a t e s  t h a t  t h e  th iophenic  s t r u c t u r e s  a r e  formed 

The l a t t e r  

One such mechanism involves  t h e  

T h i s  r e a c t i o n  shows t h a t  i s o l a t e d  th iophenic  s t r u c t u r e s  can be  produced from 
u n s t a b l e  s u l f u r - c o n t a i n i n g  groups due t o  thermal  decomposition. 
s u l f u r  groups a r e  reduced t o  H2S a t  much lower tempera tures  than  s t a b l e  groups, 
( s e e  d iscuss ion  i n  Ref. 6 ) .  However, i f  n o t  a l l  t h e  u n s t a b l e  s u l f u r  was reduced 
whi le  t h e  tempera tures  were s t i l l  low, p a r t  of it may be converted i n t o  a more 
s t a b l e  fo rm dur ing  t h e  a n a l y s i s .  Thus, i f  mass t r a n s f e r  l imits t h e  r a t e  of 
reduct ion,  t h e  r e s u l t  of t h e  a n a l y s i s  of c o a l  samples w i l l  be  b i a s e d ,  and w i l l  
show a l a r g e r  f r a c t i o n  of s i n g l e - t h i o p h e n i c  r i n g s .  

Thermally u n s t a b l e  
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The A l i p h a t i c  S t r u c t u r e s  i n  Coal 

N .  C. Deno, Barbara A .  G r e i g g e r ,  and Stephen G. S t roud  

Department of  Chemistry,  The Pennsylvania  S t a t e  U n i v e r s i t y  
U n i v e r s i t y  P a r k ,  Pennsy lvan ia  16802 

Coals a r e  va ry ing  and complex i n  t h e i r  chemical  s t r u c t u r e s .  Th i s  t y p e  of  
s i t u a t i o n  i s  c l a s s i c a l l y  s t u d i e d  by d e g r a d a t i v e  procedures  which reduce t h e  
complexi ty  t o  s i m p l e r  component p a r t s .  T h i s  has  been done wi th  c o a l  and f o u r  
d e g r a d a t i v e  methods have emerged t o  which w e  owe much o f  o u r  concep t s  of  c o a l  
s t r u c t u r e .  These a r e  ( a )  d e s t r u c t i v e  d i s t i l l a t i o n  of  c o a l  t o  benzene and p y r i d i n e  
d e r i v a t i v e s ,  (b)  a l k y l  t r a n s f e r  t o  phenol  and d e t e r m i n a t i o n  of t h e  a l k y l p h e n o l s ,  
( c )  l i q u i f a c t i o n  or s o l v e n t  r e f i n i n g  which r educes  MW from t h e  5000 t o  600 range,  
and (d)  o x i d a t i o n  w i t h  t h e  u s u a l  o x i d i z i n g  a g e n t s  (HNOQ, 0 2 ,  Mn VII, Cr VI) to 
produce benzene c a r b o x y l i c  a c i d s .  

We now i n t r o d u c e  a 5 t h  d e g r a d a t i o n  procedure.  T h i s  i s  o x i d a t i o n  w i t h  HZOZ i n  
TFA ( t r i f l u o r o a c e t i c  a c i d )  w i t h  or  wi thou t  a d d i t i o n  of  H2S04. ' T h i s  sys t em has t h e  
c a p a b i l i t y  o f  comple t e ly  d i s s o l v i n g  c o a l  t o  form c o l o r l e s s  or p a l e  brown s o l u t i o n s  
i n  which a l l  a r o m a t i c  s t r u c t u r e s  have been des t royed  and most of t h e  a l i p h a t i c  
s t r u c t u r e s  p re se rved  ( 1 , 2 ) .  The n a t u r e  of i t s  a c t i o n  is  i l l u s t r a t e d  by t h r e e  
examples .  Treatment  of p ropy lbenzene ,  i sop ropy lbenzene ,  and 1 ,2 -d ipheny le thane  b y  
t h e  u s u a l  o x i d i z i n g  a g e n t s  (HN03, 0 2 ,  Mn VII, Cr VI) l e a d s  t o  a t t a c k  a t  t h e  b e n z y l i c  
p o s i t i o n s ,  o x i d a t i v e  c l e a v a g e ,  and fo rma t ion  of benzo ic  a c i d .  In c o n t r a s t ,  t h e  
H2OZ-TFA-H2SO4 o x i d a t i o n s  a t t a c k  t h e  a r o m a t i c  r i n g s  l e a v i n g  t h e  b e n z y l i c  p o s i t i o n s  
v i r t u a l l y  untouched even when t e r t i a r y  a s  i n  i sop ropy l  and cyclohexyl  benzenes.  The 
p r o d u c t s  from t h e  t h r e e  examples  a r e  r e s p e c t i v e l y  b u t y r i c  a c i d ,  i s o b u t y r i c  a c i d ,  and 
s u c c i n i c  ac id  (2). I t  is immediately e v i d e n t  t h a t  t h i s  new degrada t ion  p rocedure  is  
p a r t i c u l a r l y  s u i t e d  t o  c a t a l o g i n g  and c a t e g o r i z i n g  t h e  a l i p h a t i c  s t r u c t u r e s  i n  c o a l s .  

The products  f rom t h e  H2O2-TFA-HZSO4 o x i d a t i o n s  have been examined i n  two ways. 
The nmr (nuc lea r  magne t i c  resonance)  s p e c t r a  of t h e  r e a c t i o n  mix tu re  p rov ides  an 
i n v e n t o r y  of t h e  hydrogen p r e s e n t  i n  t h e  p roduc t s .  A c e t i c  a c i d ,  s u c c i n i c  a c i d ,  and  
methanol  ( a s  t h e  t r i f l u o r o a c e t a t e )  can be e a s i l y  r ecogn ized  because they  g e n e r a t e  
s h a r p  s i n g l e t s  and because  t h e y  a r e  dominant p roduc t s .  The a b s o l u t e  y i e l d s  were 
determined u s i n g  ma lon ic  a c i d  a s  a n  i n t e r n a l  s t a n d a r d .  The n o n - v o l a t i l e  p roduc t s  can 
be  i s o l a t e d  by e v a p o r a t i o n  i n  vacuo, conve r s ion  t o  methyl esters, and examinat ion by 
nmr and gc (gas  chromatography) .  

It m u s t  be  emphasized t h a t  t h e r e  has  n o t  been s u f f i c i e n t  t i m e  or fund ing  t o  
o p t i m i z e  and s t a n d a r d i z e  p rocedures .  However, it has  been found t h a t  a c e t i c  a c i d  i s  
produced from a wider  v a r i e t y  o f  models i n  H202-TFA o x i d a t i o n s  t h a n  i n  H2O2-TFA-HZSO4 
o x i d a t i o n s .  
g roups .  The c u r r e n t  p rocedure  is  to  add 0.8 g of <20 mes'h c o a l  t o  a mix tu re  of  12 m l  
of  TFA, 1 5  ml of 96% H2S04, and 15 m l  of 30% aq. H ~ O Z .  
no t  enough t o  r e q u i r e  any p r e c a u t i o n s  w i t h  t h e  above amounts. The mix tu re  is hea ted  
f o r  f i v e  hours  a t  60°. 
10% P t  on a s b e s t o s  u n t i l  0 2  e v o l u t i o n  ceases  and a KI test f o r  pe rox ide  is n e g a t i v e .  

In t h e  l a t t e r ,  a c e t i c  a c i d  fo rma t ion  is mainly l i m i t e d  t o  a ry lme thy l  

A d d i t i o n  i s  exo the rmic ,  b u t  

A f t e r  c o o l i n g ,  i t  is impor t an t  t o  d e s t r o y  excess  pe rox ide  with 

Tab le  I summarizes d a t a  on p roduc t s  from o x i d a t i o n s  of c o a l .  Table  I1 summarizes 
d a t a  on model compounds. The d a t a  has  been submi t t ed  f o r  p u b l i c a t i o n  i n  g r e a t e r  
d e t a i l  ( 2 ) .  

Desp i t e  t h e  p r e l i m i n a r y  n a t u r e  of t h e  d a t a ,  s e v e r a l  conc lus ions  a r e  p o s s i b l e .  
N o  p r o p i o n i c  a c i d ,  b u t y r i c  a c i d ,  o r  i s o b u t y r i c  a c i d  were observed i n  t h e  p roduc t s  
f rom any  of t h e  c o a l s .  T h i s  e l i m i n a t e s  s t r u c t u r e s  i n v o l v i n g  e t h y l ,  p r o p y l ,  and 
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Table I. NMR Spectra of Solutions of Coals in H~OZ-TFA-HZSO~ 

coal H Obsvd. x 100/Total H in Coal 
r) 

Acetic Succinic alkyl Other 
acid acid other bands 
(2.186) (2.786) than sora 

Pittsburgh Seam 
79.5% H 5.2% H 

Illinois #6 
70.5% C 5.1% H 

Illinois #6 Monterey 
69.7% C 4.98% H 

Illinois #6 Monterey 
solvent refined 

Wyodak solvent refined 
87.0% C 6 .6% H 

Lignite North Dakota 
65.3% C.4.8 H 

(0-2.06) 

1.0 3.3 0 3.5 

5.7 8.9 0.5 2.6 

2.8 8.9 2.2 4.1 

4.4 2.4 1.0 2.8 

2.3 1.0 8.1 5.9 

0 10.6 50.6 20. 4a 

a This was entirely methanol as its trifluoractate. 

Table 11. H ~ O Z  -TFA-HzSOd Oxidations of Model Compounds 

Compound 

1,2-diphenylethane 
9 ,&d i hydrophenanthrene 
a cenaphthene 
indan 
5-hydroxyindan 
4,7-dimethylindan 

toluene 
1,4-dimethylbenzene 
1,3-dimethylbenzene 
1 ,2-dimethylbenzene 
ethylbenzene 
propylbenzene 
isopropylbenzene 
t -bu t yl benzene 
cyclohexylbenzene 
methoxybenzene 
3-phenyl-1-propanol 
tetralin and 6-hydroxytetralin 
1,3-diphenylpropane 

Predominant Product(s) 

succinic acid 
succinic acid 
succinic acid 
succinic acid 
succinic acid 
succinic acidb 
acetic acidb 
acetic acid 
acetic acid 
acetic acid 
acetic acid 
propionic acid 
butyric acid 
isobutyric acid 
(CH3 ) 3 CCOOH 
c-C, Hi COOH 
met ha no1 
but yrol actone 
cyclohexene-1 ,2-(CCOH)z 
glutaric acid 

% Yielda 
73 
71 
64 
27 
38 

68 
66 
66 
46 
71 
73 
32 

79 
75 
69 

a 
Computed on the basis of one mol of substrate yields one mol of 
product except for the three dimethylbenzenes where the basis was 
2 mols of acetic acid from one mol of substrate. 

bAcetic acid : succinic acid = 1.1. 
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i s o p r o p y l  a t t a c h e d  t o  an a r y l  r i n g .  These s t r u c t u r e s  have been r e p o r t e d  p r e v i o u s l y  
(3,4). While our  r e s u l t s  w i l l  be more r e l i a b l e  i f  confirmed by g c  s t u d i e s ,  t hey  seem 
reasonab ly  f i r m  now. Fur the rmore ,  t h e  p a s t  r e p o r t s  a r e  i n  some doubt because  t h e y  
depended,on F r i e d e l - C r a f t s  t y p e  o f  d e g r a d a t i o n s  (3) or tenuous a n a l y s i s  of broad 
a b s o r p t i o n  bands i n  nmr s p e c t r a  o f  c o a l  e x t r a c t s  (4). 

None of  t h e  b i tuminous  c o a l s  con ta ined  arylmethoxy a s  shown by t h e  complete  
absence  of methanol i n  the o x i d a t i o n  p roduc t s .  T h i s  a g r e e s  wi th  r e s u l t s  of Z e i s e l  
de t e rmina t ions  which a l s o  showed no methoxyl ( 5 ) .  T h i s  i s  p a r t i c u l a r l y  i n t e r e s t i n g  
because l i g n i t e  and l i g n i n  a r e  well-known t o  c o n t a i n  arylmethoxy groups.  In f a c t  an 
H202-TFA-HZSOp o x i d a t i o n  o f  l i g n i n  a t  2 5 O  showed 14.0% by weight arylmethoxy which i s  
t y p i c a l  f o r  l i g n i n s  (6 -8 ) .  A sample of  North Dakota l i g n i t e  showed 9.6% arylmethoxy.  
Both y i e l d s  were computed on t h e  b a s i s  t h a t  each arylmethoxy went q u a n t i t a t i v e l y  t o  
methanol .  N e i t h e r  l i g n i n  nor l i g n i t e  produced a c e t i c  a c i d  confirming t h e  w e l l -  
e s t a b l i s h e d  absence of  a r y l  methyl groups (6-8) .  Both produced s u c c i n i c  a c i d  
i n d i c a t i n g  u n s u b s t i t u t e d  ArCH2CH2-C components i n  t h e  s t r u c t u r e .  

A 1 1  c o a l s  produced a c e t i c  a c i d ,  bu t  i n  wide ly  v a r y i n g  amounts. The model s t u d i e s  
i n d i c a t e  t h a t  t h i s  a c e t i c  a c i d  comes from a ry lme thy l  groups and t h e  amount o f  a r y l -  
methyl can be  e s t i m a t e d  from t h e  d a t a  i n  Tab le  I .  In making t h i s  e s t i m a t e ,  i t  shou ld  
p robab ly  be assumed t h a t  t h e  y i e l d  of a c e t i c  a c i d  from e a c h  a ry lme thy l  is "70% based  
on t h e  models i n  T a b l e  11. 

The s u c c i n i c  a c i d  o r i g i n a t e s  from d i a r y l e t h a n e  or indan s t r u c t u r e s .  S i n c e  any  
indan  components i n  c o a l  would l i k e l y  have a l k y l ,  a lkoxy,  or hydroxy groups on t h e  
a r y l  r i n g ,  i t  was of p a r t i c u l a r  concern t o  u s  t o  show t h a t  such s u b s t i t u e n t s  d i d  n o t  
s i g n i f i c a n t l y  a l t e r  t h e  p r o d u c t i o n  of  s u c c i n i c  a c i d .  For t h i s  purpose bo th  4,7- 
d ime thy l indan  and 5-hydroxyindan w e r e  s t u d i e d  and both gave  s u c c i n i c  a c i d  a s  t h e  
dominant product  t h e  same a s  indan  i t s e l f .  

The q u e s t i o n  r ema ins  a s  t o  whether t h e  s u c c i n i c  a c i d  a r i s e s  from indan  or d i a r y l -  
e t h a n e  s t r u c t u r e s  or from some o t h e r  t y p e  of s t r u c t u r e  which has no t  been s t u d i e d .  
One b i t  of  ev idence  is s u g g e s t i v e  t h a t  i ndans  a r e  predominant ly  r e s p o n s i b l e  f o r  
s u c c i n i c  a c i d  formation.  Ox ida t ion  of indan wi th  H202-TFA-H2S04 gave no a c e t i c  a c i d  
whereas t h e  amounts of  a c e t i c  and s u c c i n i c  a c i d s  were comparable when H202-TFA was t h e  
o x i d i z i n g  agen t .  
o u t  t h e  H2SO4 in H202-TFA o x i d a t i o n s  caused t h e  y i e l d  of a c e t i c  a c i d  t o  more than  
doub le  (2). 

P i t t s b u r g h  Seam and I l l i n o i s  #6 c o a l s  showed s i m i l a r  e f f e c t s .  Leaving 

No a r y l  hydrogen appea red  i n  t h e  o x i d a t i o n  p roduc t s  d e s p i t e  t h e  f a c t  t h a t  benzo ic  
a c i d  i s  i n e r t .  T h i s  e l i m i n a t e s  benzoa te  esters a s  components o f  c o a l  s t r u c t u r e .  

The absence of  cyclohexene-1,2-dicarboxylic anhydr ide  shows t h a t  no t e t r a l i n  
s t r u c t u r e  can  be p r e s e n t  of t h e  t y p e  which a r e  u n s u b s t i t u t e d  on t h e  a l i p h a t i c  r i n g .  

The s o l v e n t  r e f i n i n g  ( l i q u i f a c t i o n )  of  c o a l  i s  though t  t o  i n v o l v e  thermal  
c l e a v a g e  of  benzyl  e t h e r s  and conve r s ion  of  t h e  benzyl  r a d i c a l s  t o  a ry lme thy l  by 
hydrogen a b s t r a c t i o n  (9-11) .  
t h i s  view i n  t h a t  t h e  y i e l d  o f  a c e t i c  a c i d  ( r e f l e c t i n g  a ry lme thy l )  i n c r e a s e d .  The 
y i e l d  of s u c c i n i c  a c i d  d e c r e a s e d  presumably r e f l e c t i n g  t h e  a r o m a t i z a t i o n  or desa tu -  
r a t i o n  of i ndan ,  d i a r y l e t h a n e ,  and p a r t i a l l y  reduced a r o m a t i c  s t r u c t u r e s .  

The d a t a  on Monterey Coal i n  Tab le  I is i n  accord wi th  

The re  i s  much t o  do i n  t h i s  f i e l d  i n  t h e  d i r e c t i o n  o f  va ry ing  t h e  o x i d a t i o n  
t e c h n i q u e  to  make it more s e l e c t i v e  and t o  i n c r e a s e  y i e l d s .  
h a s  been made in i d e n t i f y i n g  t h e  o t h e r  p roduc t s  of  H202-TFA-H2S04 o x i d a t i o n s  a l though  
t h e i r  a l i p h a t i c  n a t u r e ,  s m a l l  s i z e ,  and s imple  nmr s p e c t r a  sugges t s  t h a t  t h e i r  
i d e n t i f i c a t i o n  i s  f a c i l e .  

Furthermore,  no s t a r t  

3 
I 

.- 
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The total %H observed can be calculated by adding the columns in Table I. The 
highest was 81.9% for North Dakota Lignite and the lowest was 1.8% for Pittsburgh 
Seam Coal. This largely reflects the aromaticity of the coal. The aromatic hydrogens 
are completely lost while the aliphatic are largely preserved. However, even in model 
compounds loss of 30% of the aliphatic H was typical and the loss is even greater in 
certain aliphatic structures such as those on benzyl derivatives. 
observed in a typical bituminous coal such as Illinois #6 is a respectable 17.7%, this 
represents no more than about half of the total aliphatic hydrogen. 

Thus, while the %H 

We are deeply indebted to Dr. Malvina Farcasiu and Dr. Duayne Whitehurst for the 
last 4 substrates in Table I ,  for a sample of lignin, and for stimulating discussions. 
They will be coauthors with us in future papers on solvent refined coal and on lignin. 
We are also deeply indebted to Mr. Philip Dolsen and the Coal Research Station at 
The Pennsylvania State University for the first two substrates in Table I .  Complete 
analyses of these coals are available (2). We also wish to acknowledge stimulating 
discussions with Dr. Ron Liotta of Exxon Corp., Linden, New Jersey. 
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INTRODUCTION 

Coal l i q u e f a c t i o n  i s  a major  a t tempt  t o  meet c e r t a i n  energy requirements and 
I f  coal  l i q u e f a c t i o n  i s  t o  be success- 

R e f i n i n g  procedures cou ld  then be a l t e r e d  t o  accommo- 
Thus, e f f i c i e n t  process ing and u t i l i z a -  

a t  t h e  same t ime  p r o t e c t  t h e  environment. 
f u l ,  a technology must be developed t h a t  p rov ides  a n a l y t i c a l  da ta  on bo th  feed 
coa ls  and l i q u i d  products. 
da te  syncrudes o f  d i f f e r e n t  composi t ion.  
t i o n  r e q u i r e  a knowledge o f  t h e  chemical composi t ion o f  coa l  l i q u i d s .  

increased g r e a t l y  i n  r e c e n t  years.  
proaches t o  the  study o f  c o a l  l i q u i d s .  
p a r t i c u l a r  coal l i q u i d  b y  ex tens i ve  separa t i on  f o l l o w e d  by e labo ra te  spect roscopic  
c h a r a c t e r i z a t i o n  o f  t h e  v a r i o u s  compound types (1). The o t h e r  approach emphasizes 
a r a p i d  and simple method o f  separa t i on  i n  which fewer f r a c t i o n s  a re  generated (2). 
The l a t t e r  i s  more amenable t o  on-stream c o n t r o l ,  where f a s t  procedures a r e  r e -  
qu i red .  

f ea tu res  o f  t he  two approaches. F i v e  chemica l l y  meaningful f r a c t i o n s  a r e  genera- 
t e d  f rom a t o t a l  coal l i q u i d .  These f r a c t i o n s  a r e  separated on a chemical func-  
t i o n a l i t y  bas is  and a r e  s u i t a b l e  f o r  d e t a i l e d  c h a r a c t e r i z a t i o n .  
pre-asphaltene f r a c t i o n s  a r e  p u r p o s e f u l l y  avoided because o f  t h e i r  l a c k  o f  chemi- 
c a l  d e f i n i t i o n .  

I n t e r e s t  i n  t h e  chemical s t r u c t u r e  o f  coal  and coal  convers ion products  has 
Th is  i n t e r e s t  has produced two general ap- 

One i s  the  d e t a i l e d  c h a r a c t e r i z a t i o n  o f  a 

Our approach t o  t h e  a n a l y s i s  o f  coa l  l i q u i d s  i nco rpo ra tes  the  most a t t r a c t i v e  

Asphaltene and 

T h i s  paper descr ibes t h e  separa t i on  o f  a coal  l i q u i d  i n t o  f i v e  f r a c t i o n s  by 
1 i q u i d  chromatography. The f r a c t i o n s  a r e  generated by i o n  exchange, c o o r d i n a t i o n  
complex, and adso rp t i on  chromatography. The nonhydrocarbon f r a c t i o n s  account f o r  
most o f  t h e  coal l i q u i d  and were emphasized i n  t h e  c h a r a c t e r i z a t i o n  work t h a t  i s  
r e p o r t e d  here. 

EXPERIMENTAL 

Coal L i q u i d  Sample 

The coal l i q u i d  used i n  t h i s  i n v e s t i g a t i o n  was obta ined from t h e  P i t t s b u r g h  
Energy Research Center 's  S y n t h o i l  process ( 3 ) .  
V i r g i n i a  coal s l u r r i e d  i n  65 pe rcen t  producF r e c y c l e  o i l .  
1 4 - f t  c a t a l y t i c  r e a c t o r  operated a t  450°C and 4000 p s i g  o f  hydrogen. The l i q u i d  
p roduc t  was c e n t r i f u g e d  t o  reduce water  and s o l i d s .  

Apparatus 

tometer; l o w - r e s o l u t i o n  mass spec t ra  were recorded on  a Var ian CH-5 s ing le - focus ing  
mass spectrometer. The columns used f o r  chromatographic separat ions were s i m i l a r  
t o  those used by Jewel1 e t  a l .  (A). 
by 119-cm, w i t h  a r e c y c l i n g  arrangement t h a t  pe rm i t s  t h e  continuous e l u t i o n  o f  t h e  
sample w i thou t  t h e  need f o r  l a r g e  q u a n t i t i e s  o f  so l ven t .  
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The feed was a h i g h - s u l f u r  West 
The process used a 

I n f r a r e d  spect ra were recorded us ing  a Perkin-Elmer 621* i n f r a r e d  spectropho- 

They were g r a v i t y  f l o w  columns, 1.4-cm i . d .  



Reagents 

The ion-exchange r e s i n s  and o t h e r  chro-  
matographic m a t e r i a l s  were prepared accord ing t o  p r e v i o u s l y  repo r ted  methods (5). 
Rout ine Methods o f  Ni t rogen,  Su l fu r ,  and Oxygen Analyses 

Elemental analyses were performed a t  a commercial l a b o r a t o r y ;  n i t r o g e n  was 
determined by t h e  micro-Dumas method; s u l f u r ,  by combustion f o l l o w e d  by t i t r a t i o n  
o f  o x i d a t i o n  product  w i t h  barium p e r c h l o r a t e  t o  a c o l o r i m e t r i c  endpoint ;  and oxy- 
gen, by a m o d i f i e d  Unterzaucher method. 

Q u a n t i t a t i v e  I n f r a r e d  Analyses 

Q u a n t i t a t i v e  i n f r a r e d  measurements and c a l c u l a t i o n s  were performed i n  a man- 
n e r  s i m i l a r  t o  t h a t  used by PlcKay e t  a l .  (6). 
Separat ion Procedure 

The c o a l  l i q u i d  (0.5 g )  was d i sso l ved  i n  methylene c h l o r i d e  (20.0 m l )  and 
passed through a 10- t o  15-micron f i l t e r  t o  remove ino rgan ic  s o l i d s  and any undis-  
so lved organics.  The m a t e r i a l  r e t a i n e d  on t h e  g lass  f i l t e r  amounted t o  l e s s  than 
2 percent  o f  t h e  t o t a l  coal  l i q u i d .  The separa t i on  was performed by s e q u e n t i a l l y  
passing t h e  coa l  l i q u i d  through f o u r  chromatographic columns t o  o b t a i n  f i v e  f r a c -  
t i o n s :  ac ids,  bases, n e u t r a l  n i t r o g e n  compounds, s a t u r a t e  hydrocarbons, and a ro -  
m a t i c  hydrocarbons as shown i n  F igu re  1. 

Separat ion o f  Acids--Anion Exchange Chromatoqraphy. - The sample o f  f i l t e r e d  
coa l  l i q u i d  was chromatographed on anion r e s i n  (100 g) t h a t  had been wet packed i n  
t h e  column w i t h  methylene ch lo r i de .  Unreact ive m a t e r i a l  was washed from t h e  r e s i n  
wi th  methylene c h l o r i d e  (700 m l )  f o r  3 hours o r  u n t i l  t h e  e l u a n t  was c l e a r .  A f t e r  
t h e  un reac t i ve  m a t e r i a l s  were removed, t h e  r e a c t i v e  compounds ( a c i d s )  were reco-  
vered i n  two steps. 
(350 ml) ;  t h e  r e s i n  was then removed f rom t h e  column and p laced i n  an e x t r a c t o r ;  
t h e  remaining a c i d  was removed by e l u t i o n  w i t h  60% benzene-40% methanol (350 m l )  
saturated w i t h  carbon d iox ide .  

f r e e  coal l i q u i d  (about  350 mg) was taken t o  dryness by evaporat ion under a n i t r o -  
gen atmosphere and r e d i s s o l v e d  in. benzene (25 m l ) .  The benzene s o l u t i o n  was chro- 
matographed on c a t i o n  r e s i n  (50 g) t h a t  had been wet  packed i n  the  column w i t h  
benzene. Unreact ive m a t e r i a l  was e l u t e d  from t h e  r e s i n  wi th  benzene (500 m l )  f o r  
1 hour o r  u n t i l  t h e  e l u a n t  was c l e a r .  The r e a c t i v e  m a t e r i a l  (bases) was removed 
f rom t h e  r e s i n  i n  two steps. The column was f i r s t  e l u t e d  w i t h  60% benzene-40% 
methanol (350 m l ) ;  t h e  r e s i n  was then removed from the  column and p laced i n  an ex- 
t r a c t o r ;  t h e  remain ing bases were removed f rom t h e  r e s i n  w i t h  54% benzene-38% 
methanol-8% isopropylamine (200 m l ) .  

Chromato r a  h . - F e r r i c  ch lo r i de -A t tapu lgus  c l a y  (80 g) was p laced  above an ion  * r e s i n  120 g i n  a s i n g l e  column. A f t e r  t h e  column was washed w i t h  cyclohexane 
(100 m l ) ,  t h e  ac id -  and base-free m a t e r i a l ,  f r e e d  o f  benzene and r e d i s s o l v e d  i n  
cyclohexane (50 m l ) ,  was passed through t h e  column. The column was e l u t e d  w i t h  
cyclohexane (300 m l )  t o  remove hydrocarbons. The n i t r o g e n  compound-ferr ic ch lo -  
r i d e  complexes were removed from t h e  c l a y  w i t h  1,2-dichloroethane (200 m l ) .  
complexes were subsequently broken by pass ing t h e  s o l u t i o n  ove r  t h e  anion r e s i n ;  
t h e  f e r r i c  c h l o r i d e  s a l t  was r e t a i n e d  on t h e  r e s i n ,  and t h e  n e u t r a l  n i t r o g e n  com- 
pounds were recovered i n  t h e  e lua te .  

A l l  so l ven ts  were f l a s h  d i s t i l l e d .  

The column was f i r s t  e l u t e d  w i t h  60% benzene-40% methanol 

Separat ion o f  Bases--Cation Exchange Chromatography. - The sample o f  ac id -  

Separat ion o f  Neu t ra l  N i t rogen  Compounds--Ferric Ch lo r ide  Coord ina t i on  

These 
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Separation of Hydrocarbons--Si1 i c a  Gel Chromatography. - The ac id- ,  base-, 
and n e u t r a l - n i t r o g e n - f r e e  coal  l i q u i d ,  freed o f  cyclohexane and r e d i s s o l v e d  i n  
n-pentane (50 m l ) ,  was p laced  on a s i l i c a  ge l  column (150 9) .  
t e d  w i t h  n-pentane (app rox ima te l y  500 m l  o r  u n t i l  UV mon i to r  showed absorbance 
g r e a t e r  than 10 percent  o f  f u l l  sca le  a t  254 nm) t o  remove the  s a t u r a t e  hydrocar- 
bons. The aromatic hydrocarbons were then recovered by e l u t i o n  w i t h  benzene (ap- 
p rox ima te l y  300 m l ) .  

The column was e lu -  

RESULTS AND DISCUSSION 

Recovery and p r e c i s i o n  da ta  f o r  t h ree  d i f f e r e n t  runs a r e  presented i n  Table 1. 

3 w t .  per-  
Recoveries from 96 t o  98 pe rcen t  may be expected f rom t h e  separa t i on  scheme. 
p r e c i s i o n  data i n  t h e  l a s t  column o f  Table 1 show a r e p r o d u c i b i l i t y  o f  
c e n t  f o r  each o f  t h e  f i v e  f r a c t i o n s .  

TABLE 1. - Three separa t i ons  showing weight  pe rcen t  and p rec i son  f o r  each f r a c t i o n  

The 

Weight percent  

F r a c t i o n  Run 1 Run 2 Run 3 P r e c i s i o n  

Acid 27 33 31 30 + 3 

Neutra l  
Base 20 18 22 20 5 2 

n i t r o g e n  1 2  10 11 11 f . 1  
Saturate 1 0  13 11 11 + 2  

Recovery 96 96 98 97 5 1 

Aroma t i c s  27 22 23 24 2 3 

The data i n  Table 1 show t h a t  f o r  each separa t i on  r u n  the  ac ids ,  bases, and 
n e u t r a l  n i t r o g e n  compounds rep resen t  about 60 percent  o f  t h e  t o t a l  coa l  l i q u i d .  
Ac ids and bases a lone amount t o  about 50 percent  o f  t h e  t o t a l  l i q u i d  showing t h e  
h i g h l y  p o l a r  na tu re  o f  t h e  coal  l i q u i d .  
m a t e r i a l  compared w i t h  amounts found i n  pet ro leum poses problems i n  develop ing 
separa t i on  methods and i n  process ing these l i q u i d s  i n t o  u s e f u l  f u e l s .  

t h e  t o t a l  l i q u i d .  The c o n t e n t  o f  aromat ic  hydrocarbons i s  about t w i c e  t h a t  o f  
s a t u r a t e  hydrocarbons, r e f l e c t i n g  t h e  aromatic cha rac te r  o f  t he  coal  feedstock.  

Elemental analyses i n  Table 2 show t h a t  oxygen and n i t r o g e n  a r e  t h e  p r imary  
heteroatoms present  i n  t h e  p o l a r  f r a c t i o n s .  The a c i d  f r a c t i o n  con ta ins  about 5 
percent  oxygen, p r i m a r i l y  due t o  l a r g e  amounts o f  pheno l i c  compounds as discussed 
l a t e r .  The bases a r e  h i g h  i n  n i t rogen ,  having about 4 percent  n i t rogen .  Repro- 
d u c i b l e  data f o r  t he  n e u t r a l  n i t r o g e n  f r a c t i o n  were n o t  ob ta ined  so they a r e  n o t  
i nc luded  i n  Table 2. 
heterocompounds, b u t  t h e  a romat i c  hydrocarbons c o n t a i n  l a r g e  amounts o f  oxygen 
heterocompounds. The a romat i c  f r a c t i o n  shows 3.4 percent  oxygen, which i s  h igh  
f o r  a hydrocarbon f r a c t i o n .  
dibenzofuran-type oxygen compounds t h a t  a re  n o t  removed by the  r e s i n s  o r  t h e  f e r -  
r i c  ch lo r i de .  
d i s t r i b u t e d  among t h e  f r a c t i o n s  o r  whether s u l f u r  compounds a r e  concentrated i n  
any one f r a c t i o n ( s ) .  
t e d  f r a c t i o n s  from t h e  separa t i on  show average molecular  weights  ranging from 210 
t o  250. 

This  r e l a t i v e l y  h i g h  amount o f  p o l a r  

The sa tu ra te  and aromat ic  hydrocarbon f r a c t i o n s  rep resen t  about 35 percent  o f  

The s a t u r a t e  hydrocarbons c o n t a i n  o n l y  smal l  amounts o f  

Th is  m igh t  be exp la ined  by t h e  presence o f  f u r a n  o r  

Data on s u l f u r  a r e  too  l i m i t e d  t o  determine whether s u l f u r  i s  evenly 

Molecular -weight  data on t h e  t o t a l  coal  l i q u i d  and on se lec-  
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TABLE 2. - Elemental analyses and molecular weights of Synthoil and f rac t ions  

Molecular 
w t .  Weight percent - 

Saiiipl e Carbon Hydrogen Nitrogen Oxygen Sulfur LRMS* 
Total Synthoil 86.09 7.4 1.6 3.9 0.7 225 

Acid 79.4 6.7 1 .o 5.5 0.8 250 
Base 81.5 7.4 3.9 1.9 - 225 
Saturates 88.1 11.6 0.3 - 230 
Aromatic 87.6 7.6 0.1 3.4 0.6 210 
*Low-resolution mass spectrometry. 

Characterization of Acid Fraction 

The acid f rac t ion  represents about 30 percent of the to t a l  coal l iqu id .  
f rac t ion  has 5.5 percent oxygen (Table 2 )  and an average molecular weight of 250. 
Calculations from these da ta ,  assuming one oxygen atom per molecule, show tha t  86 
percent of the  molecules contain one oxygen atom. Similarly,  one percent nitrogen 
and a molecular weight of 250 calculates t o  15 percent of the molecules containing 
one n i t rogen  atom. 

The infrared spectrum of the acid f r ac t ion ,  Fjgure 2 ,  shows a strong band of 
f r ee  phenolic 0-H s t re tch ing  vibration a t  3590 cm- . The lack of s ign i f i can t  ab- 
sorption in the  carbonyl region (1650-1750 cm ' )  indicates the absence of carbox- 
y l i c  acids. Quantitative infrared ana lys i s  shows tha t  approximately 85 percent of 
the fraction i s  represented by the phenolic 0-H s t re tch ing  band. The remaining 
materiallcan be accounted f o r  by quant i ta t ive  analysis of the  N-H absorption a t  
3460 cm- , showing the presence of pyr ro l ic  nitrogen compounds. 

fo r  nitrogen compounds(pyrro1es). 
cent oxygen compounds, and  infrared shows t h a t  these compounds, 85 percent of the  
f rac t ion ,  a r e  phenols. 
compounds and infrared shows about the  same amount of pyrrolic nitrogen compounds. 

This 

Two d i f f e ren t  methods give the same values f o r  oxygen compounds (phenols) and 
Thus ,  the elemental analysis suggests 86 per- 

Similarly,  elemental ana lys i s  shows 15 percent nitrogen 

Characterization of Base Fraction 

The base f rac t ion  represents about 20 percent of the  coal l iqu id .  A nitrogen 
content of almost 4 percent r e f l ec t s  a successful attempt t o  concentrate nitrogen 
compounds. From the  average molecular weight and the nitrogen content i t  appears 
t ha t  about 70 percent of the molecules contain one nitrogen atom. This i s  not as  
easy t o  subs tan t ia te  with infrared spectroscopy as  i t  was in the acid f rac t ion .  
The problem re su l t s  frym overlapping bands, as  shown i n  Figure 3. PyrroliclN-H 
stretching a t  3460 cm- overlaps w i t h  amide-type N-H s t re tch ing  a t  3410 cm- , pro- 
hibit ing quant i ta t ive  determinations by infrared spectromefry. The infrared spec- 
trum shows carbonyl absorption in the  region 1650-1700 cm- , which may be due fo  
small amounts of amides. 
band may indica te  the presence of pyridines in t h i s  f rac t ion .  

Neutral Ni troqen Fraction 

infrared spectrum of t h i s  fyaction i s  given in Figure 4.  
absorption band a t  1460 cm- 
der around 3410 cm- 
sorption between 1700 and 1750 cm- 

A shoulder on the low-frequency s ide  of the  1600 cm- 

This f rac t ion  represents only about 10 percent of the to t a l  coal l iqu id .  The 

probably due fo N-H s t re tch ing  of amide types. 

The spectrum shows an 
due to  pyrrolic N-H s t re tch ing  vibrations and a shoul- 

Carbonyl ab- 
a l so  suggests the  presence of amides. 
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Satura te  Hydrocarbon Fraction 

and l e s s  than one-third of the  to t a l  hydrocarbon material .  
this f rac t ion  i s  presented i n  Figure 5. 
ranging i n  carbon number from 13 t o  35, are major components of t h i s  f rac t ion .  

Aromatic Hydrocarbon Fraction 

a s  the aromatic hydrocarbon f rac t ion .  
have over 3 percent oxygen. 
defined i n  th is  work. 
l ecu la r  weight of 210, assuming one oxygen atom per molecule, show tha t  about 45 
percent of the molecules contain oxygen. This oxygen i s  probably of the furan or 
dibenzofuran type which i s  nonreactive t o  res ins  o r  f e r r i c  chloride.  T h u s ,  these 
compounds a re  i so la ted  with aromatic hydrocarbons i n  the f ina l  separaton s t ep .  

Saturated hydrocarbon compounds comprise 11 percent of the to ta l  coal l iqu id  
A gas chromatogram of 

The f igure  shows tha t  normal paraf f ins ,  

About one-fourth of the to t a l  coal l iqu id  i s  defined by the separation method 
However, this f rac t ion  has been shown t o  

The compound types containing oxygen have not been 
Calculations using 3.4 percent oxygen and an average mo- 

SUMMARY 

A Synthoil coal l iqu id  tha t  had n o t  been solvent deasphaltened was separated 
in to  f rac t ions  of acids,  bases,  neutral nitrogen compounds, sa tura te  hydrocarbons, 
and aromatic hydrocarbons using ion exchange, coordination, and adsorption chro- 
matography. The separation method i s  reproducible, and recovery of material was 
be t t e r  than 95 percent. The  method separates compounds according t o  chemical 
func t iona l i ty  and generates f r ac t ions  tha t  a r e  su i t ab le  f o r  de ta i led  characteriza- 
t ion.  The Synthoil coal l i qu id  used in this investigation contains about 30 per- 
cent ac ids  and 20 percent bases,  according t o  the ion exchange res in  def in i t ion  of 
acids and bases. The acids were characterized as  being about 85 percent phenolic 
compounds and 15 percent compounds containing pyrrolic nitrogen. 
found t o  be largely pyridine and pyr ro l ic  nitrogen compound types. 
hydrocarbons were 11 percent of the  to t a l  coal l i qu id ,  and the aromatic hydrocar- 
bons were about 24 percent; however, oxygen compounds, probably of the  dibenzofuran 
type, were a l so  found i n  the aromatic hydrocarbon f rac t ion .  
weight of the coal l iqu id  sample was determined by low resolution mass spectrometry 
to  be about 225. 

The bases were 
The sa tu ra t e  

The average molecular 

CONCLUSIONS 

T h i s  separation method, a modification o f  a previous method, may be useful 
for separating other coal l i qu ids  according t o  chemical func t iona l i ty .  An impor- 
t an t  advantage of t h i s  method over other separation schemes used f o r  coal l iqu ids  
i s  t h a t  the to ta l  coal l i qu id  i s  separated and a m i n i m u m  number of f rac t ions  i s  
generated. 
toring the amounts of acids and bases produced i n  coal l i qu i f i ca t ion  processes. 
Such information i s  important because acids and bases a re  known t o  cause both 
chemical and physical problems i n  the processes. 

A practical  appl ica t ion  of the separation scheme may be found i n  moni- 
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CO-Steam Process : Functional Group Analysis of 
Non-Distillables in Lignite-Derived Liquids 

Bruce W .  Farnum and Curtis L. Knudson 

Grand Forks Energy Research Center 
Grand Forks, North Dakota 58202 

The CO-Steam process f o r  conversion of l i g n i t e  t o  boiler fuel cons is t s  of reac- 
t i on  of a f ine ly  ground s lur ry  of l i g n i t e  in hydrocarbon donor solvent with carbon 
monoxide and hydrogen a t  about 450" C and pressures up  t o  5000 psi ( 1 ) .  
studies a t  the  Grand Forks Energy Research Center ( G F E R C )  have u t i l i z e d  a preheated 
batch autoclave with gas and s lu r ry  phase sampling t o  es tab l i sh  optimum reaction 
conditions f o r  reduction in molecular weight of the non-d is t i l l ab les  in  CO-Steam 
product (2,3).  A study of the e f f ec t  of the nature and quantity of non-d is t i l l ab les  
on coal l iquid v iscos i ty  has pointed out the importance of reducing the quantity 
and molecular weight of non-d is t i l l ab les  (4) .  
relationship between weak acid concentration and percent oxygen i n  non-d is t i l l ab les ,  
and product qua l i ty  a s  indicated by solution viscosity.  

CO-Steam products were separated in to  four f rac t ions  based on so lub i l i t y  in 
hexane, toluene, and tetrahydrofuran. 
by non-aqueous t i t r a t i o n  with tetramethyl ammonium hydroxide. The end p o i n t  
obtained indicated to ta l  oxygen acids (phenols) plus nitrogen acids (carbazoles).  
Table 1 l i s t s  the  weight percent of each so lub i l i t y  f r ac t ion ,  and t h e i r  measured 
ac id i t i e s .  Close agreement was obtained between measured a c i d i t i e s  of t o t a l  pro- 
ducts and weighted sums of the ac id i t i e s  of the individual f rac t ions .  
products A and B were produced i n  continuous reactors a t  Pittsburgh Energy Research 
Center using recycled CO-Steam o i l  as  the s lu r ry  vehicle,  while CO-Steam C was 
produced in our batch autoclave using 9:l anthracene o i l  - t e t r a l i n  as vehicle. 
Higher ac id i ty  of the o i l  f rac t ions  of A and B can be a t t r ibu ted  t o  the buildup of 
phenols content during recycle of the  solvent. 
t ions of A and B can be pa r t i a l ly  explained by t h e i r  higher molecular weight resu l -  
t ing  from lower processing temperature. Figure 1 i l l u s t r a t e s  the  r e l a t ive  ac id i ty  
of the CO-Steam f rac t ions  in Meq H+ per f rac t ion  per gram of to t a l  product. 

CO-Steam products were separated by column chromatography on a l u m i n a  in to  
three f rac t ions  u s i n g  a simplification of the method of Sch i l l e r  and Mathiason ( 5 ) .  
Fraction 1 (e lu ted  by toluene) consisted of hydrocarbons, f rac t ion  2 (e lu ted  by 
chloroform, 1% ethanol) consisted primarily of nitrogen compounds, and f rac t ion  3 
(eluted by 9:l tetrahydrofuran - methanol) consisted primarily of hydroxyl com- 
pounds  as confirmed by mass spectrometry of the vo la t i l e  consti tuents.  Acid and 
base t i t r a t i o n s  confirmed the absence of acid-base r eac t iv i ty  i n  the hydrocarbon 
f rac t ions .  The nitrogen compound f rac t ions  were more ac id ic  and more basic than 
the  hydroxyl f rac t ions ,  indicating the concentration of nitrogen acids and bases 
i n  f rac t ion  2.  

Recent 

This study a l so  pointed out a 

The ac id i ty  of each f rac t ion  was determined 

CO-Steam 

Higher ac id i ty  of the other f rac-  

A matrix of parameters was developed t o  provide separate estimates of oxygen 

When applied t o  a s e t  of SRCs 
acids and nitrogen acids content from non-aqueous t i t r a t i o n  and elemental analysis 
da t a ,  regardless of mineral content of the  sample. 
and CO-Steam d i s t i l l a t i o n  residues,  i t  was found tha t  oxygen acids decreased 
l inear ly  with molecular weight by gel permeation high pressure l iqu id  chromato- 
graphy, while nitrogen acids remained a t  a constant concentration (Figure 2 ) .  
When model solutions were prepared from the SRCs and CO-Steam d i s t i l l a t i o n  residues 
w i t h  anthracene o i l ,  i t  was found t h a t  log v iscos i ty  of 25 percent solutions 
decreased l inear ly  with ac id i ty  due t o  oxygen ac ids ,  as well as  to ta l  ac id i ty  i n  
a para1 le1 fashion. The constant difference in curves represents the  unchanging 
concentration of nitrogen ac ids ,  despite the  varying degree of depolymerization 
represented i n  the  range of samples. These r e su l t s  imply t h a t  during coal 
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depolymer izat ion:  (1)  t h e  s t a b l e  core o f  a preasphal tene o r  asphaltene molecule 
i nc ludes  a carbazole,  benzocarbazole, dibenzocarbazole o r  r e l a t e d  n i t r o g e n  ac id ,  
and (2) extended process ing t o  lower  molecular  weight  (and thus lower v i s c o s i t y )  
i nvo l ves  s c i s s i o n  o f  bonds l i n k i n g  a phenol ic  oxygen a c i d  t o  t h e  s t a b l e  core o f  t h e  
molecule. The c a l c u l a t i o n  method i s  summarized as f o l l o w s :  

% Basic N = 1.4 B 
% Ac id i c  N = 100 N - 1.4 B 
% A c i d i c  0 = 1.6 A - 16/14 (100 N - 1.4 B) 
% Neutra l  0 = 100 X - (1.6 A - 16/14 (100 N - 1.4 B))  

where: 

A = (meq ac id /g  sample) -- by non-aqueous t i t r a t i o n .  
B = (meq base/g sample) -- by non-aqueous t i t r a t i o n .  
N = (g  n i t r o g e n / g  sample) -- by K je ldah l  method. 
X = (g  oxygen/g sample) -- by Neutron A c t i v a t i o n  Analys is .  

Assumptions: 

Neutra l  N = 0 
Basic 0 = 0 
Minera l  con ten t  i s  n e i t h e r  a c i d i c  no r  b a s i c  
N and 0 a r e  n o t  amphoter ic  

Analys is  o f  t h e  r e c y c l e  so l ven ts  o f  these SRC samples i n d i c a t e d  t h a t  t h e  
concen t ra t i on  o f  ca rbazo le  and i t s  methy lated d e r i v a t i v  
constant ,  w h i l e  t h e  c o n c e n t r a t i o n  o f  phenol and i t s  met 
increased s i x f o l d  between SRC I and SRC I1 Drocess cond 
a r e  cons is ten t  w i t h  t h e  hypothes is  presented here. 
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Table 1. Properties of So lub i l i t y  Fractions of CO-Steam Products 

CO-Steam Product A B C 

So lubi l i ty  f rac t ions  ................... W t .  % MW Wt. % MW Wt. % MW 

Oil (hexane soluble). .  ............... 55.9 403 48.7 385 52.3 281 
Asphaltene (toluene soluble 

Preasphaltene (THF soluble 
hexane insoluble) ........ 22.6 554 18.4 542 22.8 345 

toluene insoluble) .... 20.9 747 17.9 611 4.7 501 
Tetrahydrofuran insoluble. .  .......... 0.6 --- 15.0 --- 20.2 --- 

~~ 

Process Temp. ("C) ..................... 425 450 470 

Acidity (Meq H+/g): 

Oil .................................. 1.587 1.361 0.513 
Asphal tene.. ......................... 1.945 2.449 0.873 
Preasphaltene ........................ 1.974 2.052 1.058 
THF insoluble ........................ 1.518 1.027 0.266 

Total Product ........................ 1.729 1.725 0.544 

Calculated Aciditya.. ................ 1.748 1.635 0.571 

a Acidity calculated as  the weighted sum of the  ac id i t i e s  of 
the  individual f rac t ions .  

Table 2. Acid-Base Content of Column Chromatography Fractions 

CO-Steam A CO-Steam 8 
Acidity Basicity Acidity Basicity 
(Meq/g), (Medg) (Meq/g) (Meq/g) 

........ 1. Hydrocarbons 0 0 0 0 
2 .  N Fraction .......... --- 0.724 3.687 0.942 
3. OH Fraction ......... 2.98 0.217 2.806 0.216 

69 



Table 3. Acid-Base Proper t ies  o f  N o n - D i s t i l l a b l e s  

Sample (Meq/g) P c t  0 (Meq/g) P c t  N Basic A c i d i c  A c i d i c  N e u t r a l  
A c i d i t y  B a s i c i t y  Pc t  N P c t  N Pct 0 Pct 0 

SRC 115 1.481 1.55 0.711 1.70 0.995 0.718 1.55 0 

CO-Steam 
Residue B 1.938 3.72 0.476 1.23 0.67 0.56 2.46 1.26 

CO-Steam 
Residue A 1.661 7.03* 0.449 1.15 0.63 0.52 2.07 4.96* 

SRC 308 2.285 4.32 0.786 1.78 1.10 0.68 2.88 1.44 

SRC 122 2.531 4.69 0.713 1.55 1.00 0.55 3.42 1.27 

* Not deashed; i l l u s t r a t e s  minera l  oxygen. 

Figure 1. - c 
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LIQUID CHROMATOGRAPHIC CHEMICAL CLASS ANALYSIS OF BITUMEN 
AND HEAVY PETROLEUM CRUDES 

C. Re iche r t  and L. Grant 
O i l  Sands Research Centre 
A l b e r t a  Research Counci l  

Edmonton, A l b e r t a  T6G 2C2 

INTRODUCTION 

The importance o f  bitumen and heavy crudes i s  s t e a d i l y  i nc reas ing  
as reserves o f  conven t iona l  crudes d i m i n i s h  around t h e  wor ld  producing an 
increased emphasis upon the  development o f  methods o f  recovery f o r  bitumens 
and heavy crudes. Because o f  t h e  ext remely h i g h  v i s c o s i t i e s  encountered, a 
v a r i e t y  o f  novel  i n - s i t u  recovery methods us ing  combinations o f  steam, so l ven ts ,  
su r fac tan ts ,  and combustion a r e  being i nves t i ga ted .  

Conventional and heavy pet ro leum crudes c o n s i s t  o f  a l a r g e  v a r i e t y  
o f  o rgan ic  molecules g e n e r a l l y  c l a s s i f i e d  i n t o  f o u r  major groups i d e n t i f i e d  
as saturates,  aromat ics,  r e s i n s  and asphaltenes. Each o f  these c lasses have 
i n d i v i d u a l  uses and t h e i r  r e l a t i v e  r a t i o s  determine the  upgrading processes 
employed. Bitumen and heavy crudes tend t o  have l a r g e r  p ropor t i ons  of res ins  
and asphaltenes t h a t  a r e  l e s s  economical ly  conver ted t o  usable products .  
P r e c i p i t a t i o n  o f  asphal tenes i n  t h e  fo rma t ion  o r  p roduc t i on  o f  asphaltenes 
from o the r  compounds can occu r  d u r i n g  the  recovery process n e c e s s i t a t i n g  
some mon i to r i ng  o f  process streams for changes i n  t h e  r e l a t i v e  r a t i o s  o f  
these c lasses o f  compounds. 

Numerous methods a r e  used t o  separate pet ro leum hydrocarbons i n t o  
t h e i r  type and c lasses .  The most common method u t i l i z e s  pentane p r e c i p i t a t i o n  
o f  t he  asphaltenes i n  a procedure s i m i l a r  t o  ASTM D 893-69. 
procedures (1-6) a r e  employed f o r  t h e  subsequent f r a c t i o n a t i o n  o f  t he  remain ing 
o i l .  Many of  t he  procedures f o r  the separa t i on  o f  t h e  aromat ics and sa tu ra tes  
us ing  s i l i c a  and/or a lumina columns a r e  m o d i f i c a t i o n s  o f  ASTM D 2549-75. Some 
o f  t h e  methods ach ieve  separat ions i n t o  subgroupings such as monoaromatics, 
d ia romat i cs ,  po l ya romat i cs  and p o l a r  compounds. 

A v a r i e t y  o f  

Each o f  t h e  procedures however has the  disadvantage t h a t  a t o t a l  
c l a s s  a n a l y s i s  r e q u i r e s  severa l  s teps and t o  o b t a i n  the  da ta  rega rd ing  the  
d i s t r i b u t i o n  o f  t h e  f r a c t i o n s  r e q u i r e s  severa l  days. 

The procedure discussed here enables t h e  separa t i on  o f  t h e  bitumen 
o r  heavy pet ro leum c rude  i n t o  t h r e e  groupings namely asphaltenes, r e s i n s  and 
a m ix tu re  of a romat i cs  and sa tu ra tes  w i t h  no p r i o r  separa t i on  o f  t h e  p o l a r  
c o n s t i t u e n t s  o r  of b a c k f l u s h i n g  of  t h e  columns. 
i t  i s  p o s s i b l e  t o  q u a n t i f y  each o f  t h e  f r a c t i o n s  i n  the  bitumen. 

Using a 254 nm UV d e t e c t o r  

EXPER I MENTAL 

The l i q u i d  chromatograph used i n  t h i s  s tudy was a Var ian Model 8500 
dual  sy r i nge  pump ins t rumen t  equipped w i t h  a Var ian Aerograph 254 nm UV 
d e t e c t o r  connected to a Var ian  CDS I l l  Data System. The columns used were a 
25 cm Var ian Aerograph Micropak CH-10 connected i n  s e r i e s  w i t h  a 25 cm Var ian 
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Two mob i le  phase systems can be used t o  achieve the  separat ion.  
One system employed 99% methanol-I% isopropanol f o r  4 minutes, 40% o f  t he  99% 
methanol-1% isopropanol  mixture-60% te t rahyd ro fu ran  f o r  10 minutes and 
f i n a l l y  100% THF f o r  10 minutes. The second system used 90% a c e t o n i t r i l e - l O %  
water f o r  5 minutes fo l l owed  by 50% a c e t o n i t r i l e  mixture-50% methylene c h l o r i d e  
f o r  10 minutes fo l l owed  f i n a l l y  by 100% methylene c h l o r i d e  f o r  10 minutes. 
Separation achieved by t h e  two methods i s  comparable and i s  accomplished i n  
25-30 minutes u s i n g  a f l o w  r a t e  o f  60 cc/hr. 

The b i tumedheavy  crude samples a r e  d i sso l ved  i n  methylene c h l o r i d e  
a t  a concen t ra t i on  of 10-20 mg/ml w i t h  2-5 V I  o f  sample being i n j e c t e d  on t h e  
c o l  umns . 

D I S C U S S I O N  AND RESULTS 

F igu re  1 shows a t y p i c a l  chromatogram o f  t h e  separat ion o f  sa tu ra tes  
and aromatics, res ins ,  and asphaltenes i n  samples o f  Athabasca Bitumen. 
Superimposed on t h e  chromatogram i s  a p l o t  o f  t he  change i n  the  so l ven t  
g rad ien t  du r ing  t h e  ana lys i s .  

Chromatograms o f  aromat ics and res ins  m a t e r i a l  obta ined by separa t i on  
on passage through a t tapu lgus  c l a y  and s i l i c a - a l u m i n a  columns success i ve l y  
a r e  g iven i n  F igures 2 and 3 respec t i ve l y .  
aromatics produced by column chromatography con ta in  m a t e r i a l  t h a t  we c l a s s i f i e d  
as res ins  by t h i s  procedure w h i l e  t h e  r e s i n  samples con ta in  some a romat i c  
m a t e r i a l  and a l s o  some asphaltene m a t e r i a l .  
sample obta ined by pentane p r e c i p i t a t i o n  i s  g iven i n  F igu re  4 which shows t h e  
presence o f  a r e s i n s  peak. It i s  ev iden t  f rom these chromatograms t h a t  a 
very s i m i l a r  f r a c t i o n a t i o n  o f  t h e  bitumen I s  obta ined i n  our HPLC method as 
compared t o  t h e  convent ional  column separat ion.  Saturates m a t e r i a l  i n  t h e  
bitumen i s  e l u t e d  w i t h  t h e  aromat ics f r a c t i o n  however s ince  sa tu ra tes  
absorpt ion a t  254 nm i s  n e g l i g i b l e  they a r e  no t  detected. 
t h e  amount o f  aromat ics,  r e s i n s  and asphaltenes t h e  percentage o f  each o f  t h e  
f o u r  f r a c t i o n s  i n  a bitumen sample can be determined. 

The chromatograms show t h a t  t h e  

A chromatogram o f  an asphal tene 

By e v a l u a t i o n  o f  

CONCLUSIONS 

The HPLC method discussed i n  t h i s  paper achieves a separa t i on  o f  
bitumen i n t o  i t s  c l a s s  components i .e . ,  asphaltenes, res ins  and m i x t u r e  o f  
aromatics and sa tu ra tes ,  i n  p ropor t i ons  comparable t o  t h a t  obta ined i n  c l a s s i c a l  
separat ion by asphaltene p r e c i p i t a t i o n  w i t h  pentane and subsequent successive 
passage through a t tapu lgus  c l a y  and s i l i c a  alumina columns. 
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COMPARISON OF METHODS FOR DETERMINING ASPHALTENES I N  
COAL-DERIVED LIQUID FUELS 

H. Schultz and M. J. Mima 

DEPARTMENT OF ENERGY 
PITTSBURGH ENERGY RESEARCH CENTER 

4800 Forbes Avenue 
Pi t t sburgh ,  Pennsylvania 15213 

There is a t  present  no s tandard method f o r  the determinat ion of asphal tenes  i n  t h e  
products of c o a l  conversion,  nor  is there  any known re la t ionship  between the values  
f o r  asphal tene concent ra t ion  produced by the  var ious  a n a l y t i c a l  methods cur ren t ly  
i n  use,  Lacking a s tandard method of ana lys i s ,  a r e  comparisons of the  coa l  conver- 
sion products of t h e  var ious  processes  poss ib le?  The research described i n  t h i s  
paper a t tempts  t o  answer t h i s  quest ion a t  l e a s t  in p a r t .  

Five d i f f e r e n t  so lvent  s e p a r a t i o n  methods which a r e  cur ren t ly  i n  use f o r  determining 
asphal tenes  i n  coal-derived l i q u i d s  have been s tudied i n  the a n a l y t i c a l  chemistry 
labora tory  of t h e  P i t t s b u r g h  Energy Research Center of the U. S. Department of 
Energy. 
from t h e  Center ' s  0 .5  ton-per-day hydrodesulfur izat ion p lan t .  
produced using a fixed-bed cobalt-molybdenum c a t a l y s t ,  4,000 p s i  hydrogen, and a 
temperature of 450 O C .  The Homestead, Kentucky coal  w a s  s l u r r r i e d  i n  coal-derived 
o i l  (35% by weight coa l )  and fed t o  the p lan t  a t  25 pounds per hour. A s i n g l e  
sample of t h e  l i q u i d  product was taken, separated i n t o  f i v e  por t ions ,  and s tored  
i n  t h e  r e f r i g e r a t o r  under n i t rogen .  

The material chosen f o r  t h e  t e s t s  was a l i q u i d  product which was produced 
The material w a s  

Twenty r e p l i c a t e  determinat ions of asphal tenes  w e r e  made with each t e s t  method, 
re ly ing  not only on w i t t e n  procedures but  a l s o  on personal  contac ts  with the 
au thors  of each method. D a t a  c o l l e c t e d  include weight percent asphal tenes ,  
inso lubles ,  and oils. Standard devia t ions  were ca lcu la ted  f o r  each method and 
s t a t i s t i c a l  comparisons made between methods. 

The following a r e  s h o r t  d e s c r i p t i o n s  of t h e  f i v e  procedures s tudied:  

Method A: A ten-gram sample is ext rac ted  with benzene i n  a Soxhlet apparatus. The 
benzene is removed on a steam bath,  and 5 m l .  of benzene a r e  added t o  the  residue.  
Asphaltenes a r e  p r e c i p i t a t e d  with 250 m l  of n-pentane, and separated by f i l t r a t i o n  
through the  paper. 

Method B: 
n-pentane is added. 
and then centr i fuged.  The supernatant  l i q u i d  is decanted i n t o  a ro ta ry  evaporator 
f l a s k  and t h e  pentane washing procedure and cent r i fuga t ion  repeated t h r e e  times. 
The combined supernatant  s o l u t i o n s  a r e  then evaporated with ni t rogen t o  recover 
t h e  o i l .  Benzene is added t o  t h e  inso luble  mater ia l  i n  the cent r i fuge  tubes and 
t h e  mixing, sonica t ion ,  and c e n t r i f u g a t i o n  a r e  c a r r i e d  out  i n  t h e  same manner as 
w i t h  t h e  n-pentane. The supernatant  benzene so lu t ions  a r e  combined, evaporated 
under ni t rogen,  and f i n a l l y  freeze-dried t o  obta in  t h e  asphal tenes .  

A three-gram sample is frozen and pulver ized i n  l i q u i d  n i t rogen  and 
The sample is mixed and crushed while in an  u l t r a s o n i c  bath,  

Method C: 
apparatus .  
w a t e r  asp i ra tor .  

A three-gram sample is ext rac ted  under n i t rogen  with toluene i n  a Soxhlet  
The toluene is removed from t h e  e x t r a c t  i n  a ro ta ry  evaporator using a 

Exact ly  two m l  of toluene per gram of so luble  mater ia l  a r e  added 

76 

I 

I 

I 

E 

I 

1 
I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 



I I 

I 

I 

I 
l 

and t h e  asphal tenes  are p r e c i p i t a t e d  with a volume of n-pentane equal  t o  twenty 
times t h e  volume of toluene t h a t  w a s  added. The p r e c i p i t a t e  i s  then ex t rac ted  with 
n-pentane in a Soxhlet apparatus .  

Method D: Ten grams of sample a r e  mixed wi th  benzene, s t i r r e d  f o r  30-60 minutes a t  
30 "C, and centr i fuged.  The benzene s o l u t i o n  i s  decanted and t h e  res idue  i s  washed 
with f r e s h  benzene four  times. The so lvent  i s  s t r ipped  from the  combined super- 
n a t a n t  l i q u i d  i n  vacuo a t  30 "C, and f i n a l l y  the material is freeze-dr ied.  The 
r e s i d u e  i s  dissolved i n  f i v e  m l .  of benzene and t h e  asphal tenes  are p r e c i p i t a t e d  
wi th  a l i t e r  of  hexane. The s o l i d s  are separated by cent r i fuga t ion ,  t h e  super- 
n a t a n t  i s  s t r ipped  of hexane, and t h e  p r e c i p i t a t i o n  procedure is repeated.  The 
supernatants  are combined and s t r ipped  as before ,  and t h e  asphal tenes  are freeze-  
d r i ed .  

Method E: 
centr i fuged and then f i l t e r e d  through paper under cover of n i t rogen .  The res idue  
i n  the  cent r i fuge  tubes is ref luxed with benzene, centr i fuged,  and f i l t e r e d  t h r e e  
more times. The co l lec ted  e x t r a c t s  are evaporated under vacuum i n  a r o t a r y  evapo- 
r a t o r  a t  105 OF. Cyclohexane i s  added t o  p r e c i p i t a t e  t h e  asphal tenes  and t h e  
mixture  is ref luxed under ni t rogen.  Centr i fugat ion and f i l t r a t i o n  are c a r r i e d  o u t  
as above and are repeated once o r  twice depending on t h e  co lor  of t h e  supernatant  
l i q u i d .  The r e f l u x  f l a s k ,  cen t r i fuge  b o t t l e s ,  and f i l t e r  paper are d r i e d  i n  vacuo 
and weighed t o  obta in  t h e  weight of t h e  asphal tenes .  

Table 1 shows t h e  r e s u l t s  obtained wi th  t h e  f i r s t  t h ree  methods descr ibed above: 

Table 1. - Resul ts  with Methods A, B, and C 

A 25-gram sample is ref luxed with benzene. The supernatant  l i q u i d  i s  

% Inso lubles  +Is % Asphaltenes f l s  % Oils t ls  

Method A 5.2 f0.3 26.9 t0 .7  67.9 f0.7 (by d i f fe rence)  

Method B 7.6 t0.5 23.8 t0 .7  67.2 f0.9 

Method C 4.6 f0.5 22 f 2  70 t 3  

The d a t a  i n d i c a t e  t h a t  t h e  r e l a t i v e  s tandard devia t ions  f o r  asphal tenes  range from 
2.6 t o  6 .8%,  wel l  wi th in  t h e  range of a c c e p t a b i l i t y  f o r  a separa t ion  procedure f o r  
coal-derived materials. There w a s  considerable  v a r i a t i o n  between methods i n  the  
length  of time necessary t o  complete an  a n a l y s i s ,  i n  t h e  amount of t i m e  expended 
by t h e  ana lys t ,  and i n  t h e  product ion rate. 

I n  order  t o  determine i f  t h e  a n a l y t i c a l  r e s u l t s  produced by each of t h e  methods 
were s i g n i f i c a n t l y  d i f f e r e n t ,  Student 's  ' t '  t e s t  w a s  appl ied  t o  t h e  average of t h e  
20 r e p l i c a t e  analyses .  Table 2 shows t h e  f ind ings  obtained with t h e  f i r s t  t h ree  
methods. 

Table 2. - Signif icance* of Differences Between Methods 

Methods Compared Inso lubles  Asphaltenes - O i l s  

A VS. B S i g n i f i c a n t  S i g n i f i c a n t  Not s i g n i f i c a n t  

Avs. C S igni f icant  S i g n i f i c a n t  Not s i g n i f i c a n t  

B vs .  C S i g n i f i c a n t  Not s i g n i f i c a n t  Not s i g n i f i c a n t  

*Student's ' t '  test - a t  t h e  95% confidence l e v e l .  
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It is evident t h a t  i n  ha l f  t h e  comparisons made the  d i f fe rence  proved t o  b e  
s i g n i f i c a n t .  From t h e  r e s u l t s  obtained i n  t h i s  s tudy one can surmise t h a t  t he  
conclusions drawn from the  comparison of t h e  analyses  of coal-derived l i q u i d s  
produced by d i f f e r e n t  a n a l y t i c a l  procedures are problematical  a t  bes t .  One can 
a l s o  conclude t h a t  some acceptab le  "standard" method f o r  t h e  determinat ion of 
asphal tenes  i n  coal-derived l i q u i d s  is urgent ly  needed. 
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Environmental Aspects of  t h e  HYGAS Process  

L. J .  Anastasia ,  W .  G. Bair, D. P. Olson 

I n s t i t u t e  of Gas Technology 
3424 South S t a t e  S t r e e t  
Chicagp  I l l i n o i s  60616 

A s  p a r t  o f  t h e  development of second-generation coa l  g a s i f i c a t i o n  processes ,  
t h e  U .  S. Department of Energy has  commissioned an environmental assessment of  
t h e  HYGAS process .  The o b j e c t i v e  of  t h i s  assessment i s  t o  e s t a b l i s h  sys tems ' for  
sampling, a n a l y s i s ,  and d a t a  eva lua t ion  t o  determine t h e  f a t e  of p o t e n t i a l  
p o l l u t a n t s  generated during opera t ion  of  the  HYGAS p i l o t  p l a n t  and t o  apply 
t h e s e  d a t a  t o  demonstration and commercial p l a n t .  designs.  

HYGAS opera tes  a t  high temperatures  t o  o b t a i n  high r e a c t i o n  r a t e s  and a t  
high pressure  t o  i n c r e a s e  t h e  equi l ibr ium methane y i e l d .  
f r a c t i o n  is hydrogas i f ied  t o  form methane while  t h e  l e s s  r e a c t i v e  f r a c t i o n  
remains i n  t h e  coa l  char  and i s  used t o  genera te  hydrogen and hea t .  
t o t a l  methane formed i n  t h e  process ,  about 64% t o  70% i s  formed i n  t h e  g a s i f i e r .  

Figure 1 shows t h e  c u r r e n t  processing s t e p s  i n  t h e  HYGAS p i l o t  p l a n t .  

The most r e a c t i v e  coal  

Of t h e  

Ligni te  and subbituminous coa ls  do not  r e q u i r e  pre t rea tment .  However, with a 
caking coal  such as I l l i n o i s  No. 6 bituminous, a pretreatment  s t e p  i s  used t o  
des t roy  any agglomerating tendencies .  
c a r r i e d  out  i n  a f l u i d i z e d  bed a t  700' t o  800°F and s l i g h t l y  above atmospheric 
pressure .  For in t roduct ion  i n t o  t h e  high-pressure g a s i f i e r ,  up t o  45 w t  % coal  
is mixed i n  a l i g h t  o i l  s l u r r y  which i s  pressur ized  wi th  r e c i p r o c a t i n g  p i s t o n  
pumps. 
with a cyclone. Then t h e  gas i s  quenched t o  condense steam and l i g h t  o i l .  
Next, water  and o i l  a r e  separa ted ,  recovered, and recycled.  Acid gases  (H S and 
CO ) a r e  removed from t h e  product gas  with a diglycolamine-water s o l u t i o n  $hich 
is ' regenerated and recycled.  
s u l f u r  leve ls  t o  <0 .1  ppm. Then methanation i s  c a r r i e d  out i n  a packed-bed of 
n i c k e l  c a t a l y s t  p e l l e t s  s e n s i t i v e  t o  s u l f u r  poisoning.  The methanation s t e p  
upgrades the  product  gas t o  e s s e n t i a l l y  pure methane (SNG). 

PILOT PLANT HYDROGASIFIER REACTOR 

The pre t rea tment  i s  a mild s u r f a c e  oxida t ion  

Entrained s o l i d s  i n  t h e  crude gas which leave t h e  g a s i f i e r  a r e  removed 

The product  gas  is f u r t h e r  cleaned t o  reduce 

The hydrogas i f ie r  r e a c t o r  v e s s e l  i s  shown schemat ica l ly  i n  Figure 2. The 
r e a c t o r  v e s s e l  has four  i n t e r n a l l y  connected f lu id ized-bed  contac t  s t a g e s  which 
opera te  a t  1000 p s i g ,  with d i f f e r e n t  temperatures  i n  t h e  var ious  f l u i d i z e d  beds 
The r e a c t o r  is designed t o  accept  3 ton /hr  coa l  feed and t o  produce 1 . 5  x IO6 
SCF/day of p i p e l i n e - q u a l i t y  gas. 

drying bed) which opera tes  a t  600°F. 
v e r t i c a l  l i f t  l i n e  where t h e  f i r s t  s t a g e  of hydrogas i f ica t ion  occurs .  
coa l  p a r t i c l e s  a r e  heated by hot  gases  from t h e  lower s t a g e ,  and hydrogen contained 
i n  t h e  gases r e a c t s  with about 20% of  t h e  coa l  t o  produce methane. 

The feed s l u r r y  i s  introduced i n t o  t h e  upper f l u i d i z e d  bed ( t h e  s l u r r y -  
The d r i e d  coa l  flows by g r a v i t y  i n t o  a 

Here, 

The p a r t i a l l y  reac ted  coal  (now c a l l e d  a char )  then  flows t o  t h e  second- 
s t a g e  g a s i f i e r  and i s  f u r t h e r  g a s i f i e d  by t h e  steam and hydrogen-rich gas  r i s i n g  
from t h e  steam-oxygen g a s i f i c a t i o n  s t a g e  below. About 25% of t h e  o r i g i n a l  coal  
i s  converted i n  t h i s  r e a c t i o n  s t a g e ,  making t h e  t o t a l  conversion about 45% i n  
t h e  f i r s t  and second s t a g e s  of hydrogas i f ica t ion .  The char  then flows t o  t h e  
f i n a l  r e a c t o r  s t a g e  where steam and oxygen a r e  introduced t o  convert  t h e  char  t o  
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hydrogen and carbon oxides  and t o  provide t h e  necessary heat  f o r  opera t ion  of  
t h e  g a s i f i e r  dur ing  s e l f - s u s t a i n e d  s teady  p l a n t  opera t ion .  

SAMPLE COLLECTION 

Sampling of  p i l o t  p l a n t  s t reams s p e c i f i c a l l y  f o r  environmental assessment 
began with T e s t  55 with Montana subbituminous coa l .  
sampled every 8 hours and t h r e e  of  these  samples y e r e  composited t o  represent  24 
hours  of p l a n t  opera t ion .  
s o l i d s  (TDS) , t o t a l  suspended s o l i d s  (TSS), t o t a l  o rganic  carbon (TOC) , t o t a l  
phenols ,  t o t a l  s u l f u r ,  ammonia, cyanide, th iocyanate ,  s u l f i d e ,  c h l o r i d e ,  and 
o i l .  Soi ids  samples were c o l l e c t e d  once p e r  day and analyzed f o r  s u l f u r  s p e c i e s  
and t r a c e  elements. The s o l i d s  streams sampled included t h e  coa l  feed ,  t h e  
f i rs t  and second s t a g e s  of g a s i f i c a t i o n ,  and t h e  spent  char .  Samples of  o i l s  i n  
t h e  coa l  feed s l u r r y  were a l s o  taken once p e r  day t o  determine organic  composi t ions 
u s i n g  a gas chromatograph mass spectrometer .  

Process water  streams were 

Water samples were analyzed f o r  t o t a l  d i sso lved  

HYGAS WATER COMPONENTS 

Before t h e  environmental assessment program began with subbituminoiis c o a l ,  
HYGAS t e s t s  were c a r r i e d  out  with both Montana l i g n i t e  and I l l i n o i s  No. 6 bituminous 
c o a l s .  In  t h e s e  tests,  a s i n g l e  water  sample was taken once every 24 hours .  
Process  engineer ing d a t a  from t h e s e  t e s t s  have been examined t o  determine t h e  
water compositions corresponding t o  per iods  of  s e l f - s u s t a i n e d ,  s teady  opera t ion  
and t o  normalize p o l l u t a n t  genera t ion  t o  a uniform b a s i s  f o r  t h e  t h r e e  types of 
c o a l .  

Compositions of  t h e  g a s i f i e r  feed  c o a l s  used t o  c a l c u l a t e  p o l l u t a n t  genera t ion  
i n  HYGAS Test 37 with Montana l i g n i t e ,  Tes ts  46 and 54 with I l l i n o i s  No. 6 
bituminous, and Test  55 and 58 with Montana subbituminous are given i n  Table 1. 
These compositions were der ived  from the  r o u t i n e  u l t i m a t e  and proximate ana lyses  
made during opera t ion  of  t h e  HYGAS p l a n t  and correspond t o  t h e  coa l  feeds  when 
t h e  water  samples were taken .  Carbon conversions i n  t h e s e  HYGAS tests ranged 
from 44% t o  88%. Complete carbon conversion was not one of  t h e  o b j e c t i v e s  i n  
t h e s e  HYGAS tests;  consequent ly ,  i n t e r p r e t a t i o n  of t h i s  p o l l u t a n t  d a t a  i s  subjec t  
t o  t h e  c o n s t r a i n t  t h a t  more complete carbon conversion w i l l  be  obtained i n  
f u t u r e  p i l o t  p l a n t  tests. 

Eff luent  product ion i n  t h e  quench condensate s l u r r y  (from t h e  water  quenching 
o f  t h e  g a s i f i e r  crude product  gas)  i s  repor ted  i n  Table 2 a s  a func t ion  of  coal  
type  and carbon i n  t h e  feed on a moisture  and a s h - f r e e  basis (MAF). This stream 
is  a major source  o f  p o l l u t a n t s  and has a r e l a t i v e l y  high water i n v e n t o r y  (-2600 
ga l lons)  which genera l ly  c o n t r i b u t e s  t o  more p r e c i s e  a n a l y t i c a l  r e s u l t s .  
o f  t h e  p o l l u t a n t s  was c o r r e l a t e d  w i t h  t h e  carbon i n  t h e  feed by a l i n e a r  r e g r e s s i o n  
a n a l y s i s ,  and t h e  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  a l s o  given i n  Table 2 .  
The c o r r e l a t i o n  c o e f f i c i e n t s  were then  t e s t e d  f o r  s i g n i f i c a n c e  from zero us ing  
F i s h e r ' s  Z t e s t  with a two-sided p r o b a b i l i t y  a t  95% confidence and (n-21 degrees 
of  freedom. 
i s  t h e  e f f e c t  o f  carbon i n  t h e  feed on th iocyanate ,  while  t h e  weakest s i g n i f i c a n c e  
(50%) i s  t h e  e f f e c t  o f  carbon on ammonia. What i s  perhaps most i n t e r e s t i n g  is 
t h e  nega t ive  s l o p e s  (meaning p o l l u t a n t  product ion is i n v e r s e l y  propor t iona l  t o  
carbon content  i n  t h e  feed)  f o r  a l l  p o l l u t a n t s  except  s u l f i d e  and ammonia. 
r e s u l t  occurs pr imar i ly  because o f  the  inf luence  of  pretreatment  on t h e  bituminous 
c o a l s ,  which lowers t h e  l e v e l s  of t o t a l  d i sso lved  s o l i d s ,  phenol ,  t o t a l  o rganic  
carbon,  th iocyanate .  and t o t a l  s u l f u r  i n  t h e  g a s i f i e r  quench condensate. 
q u a n t i t i e s  of t h e s e  p o l l u t a n t s  were found i n  the  p r e t r e a t e r  quench waters .  The 
s u l f i d e s  and ammonia however, appear  t o  be generated p r i m a r i l y  i n  t h e  g a s i f i e r .  

Each 

According t o  t h i s  t e s t ,  the  s t r o n g e s t  s i g n i f i c a n c e  from zero (77%) 
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Table 3 presents  t h e  r e s u l t s  o f  l i n e a r  regress ion  analyses  f o r  feed  c o n s t i t u e n t s  
o t h e r  than carbon and t h e i r  e f f e c t  upon s e l e c t e d  p o l l u t a n t s  i n  t h e  crude gas  
quench. These analyses  include oxygen on phenol, s u l f u r  on s u l f i d e  and th iocyanate ,  
n i t rogen  on ammonia and th iocyanate ,  and hydrogen on phenol and ammonia. The 
regress ion  a n a l y s i s  f o r  hydrogen i n  t h e  coa l  feed on phenol product ion i n  t h e  
g a s i f i e r  gave t h e  s t r o n g e s t  i n d i c a t i o n  of a l i n e a r  c o r r e l a t i o n .  
c o e f f i c i e n t  f o r  t h i s  regress ion  was 0.921 with a s i g n i f i c a n c e  from zero of  85%. 
About 40% of the t o t a l  phenol from bituminous coa l  was produced during pre t rea tment ,  
which appeared t o  s i g n i f i c a n t l y  reduce phenol product ion i n  t h e  g a s i f i e r .  Total  
phenols produced with bituminous coa ls  were 2.9 lb / ton  feed (MAF) i n  Test 46 and 
5.6 lb / ton  feed (MAF) i n  Test  54. This t o t a l  was much l e s s  than t h e  phenol 
product ion of 1 1 . 2  lb / ton  feed  (MAF) with l i g n i t e  coa l  (Test 37)  and approximately 
16 lb / ton  feed (MAF) with subbituminous coa l  (Tests  55 and 58). 

The c o r r e l a t i o n  

HYGAS OIL COMPONENTS 

A n e t  make of l i g h t  o i l  (benzene, t o l u e n e ,  and xylene) i s  produced i n  t h e  HYGAS 
process  and to luene  i s  used i n  t h e  p i l o t  p l a n t  t o  represent  t h i s  product .  Coal 
feed i s  s l u r r i e d  with t h e  o i l  f o r  i n t r o d u c t i o n  i n t o  t h e  high-pressure g a s i f i e r .  
E s s e n t i a l l y  al l  t h e  o i l  i s  recycled by recovery from t h e  product gas  quench condensate 
and t h e  product gas  cyclone s l u r r y .  Toluene i s  added only f o r  l o s s e s  which a r e  
s p e c i f i c  t o  t h e  p i l o t  p l a n t ,  i . e . ,  pump s e a l s ,  s torage  tanks,  vent  gases ,  and 
vapor i n  product gas .  
source of polynuclear  aromatics ,  p o t e n t i a l  carcinogens,  and p o t e n t i a l l y  t o x i c  
organic  compounds. Consequently, i t  is necessary t o  screen t h e  chemical composition 
o f  t h i s  o i l  f o r  p o s s i b l e  h e a l t h  and s a f e t y  hazards .  
t h i s  o i l  changes i n  composition as  a func t ion  of  opera t ing  time and g a s i f i c a t i o n  
condi t ions .  Presumably, equi l ibr ium compositions w i l l  be reached under extended 
s t e a d y - s t a t e  condi t ions.  

The o i l  used i n  t h e  coa l  feed s l u r r y  r e p r e s e n t s  a concentrated 

A s  each HYGAS t e s t  p rogresses ,  

Compositions f o r  o i l  samples taken during HYGAS Test 37 us ing  l i g n i t e  coa l  
and Test  58 using subbituminous coa l  are shown i n  Table 4 .  The d i f f e r e n c e s  i n  
compositions f o r  t h e  heavier  th ree- ,  four - ,  and f i v e - r i n g  compounds may be due 
t o  t h e  type o f  c o a l ,  t o  p l a n t  opera t ion ,  and poss ib ly  o t h e r  f a c t o r s .  The presence 
of  many compounds i n  t h e  i n i t i a l  samples occurs  because the  p l a n t  o i l  inventory  
of  -6000 g a l  remaining a f t e r  one t e s t  i s  reused f o r  c o a l  s l u r r y  i n  t h e  subsequent 
t e s t .  

Phenol composition i s  important  because of t h e  e f f e c t s  var ious water- 
s o l u b l e  phenols may have on biosystems designed f o r  wastewater cleanup. 
i n  t h e  feed c o a l - o i l  s l u r r y  with l i g n i t e  coa l  a r e  charac te r ized  as major f r a c t i o n s ,  
40% each, C1- and C -phenols (where C r e p r e s e n t s  t h e  methyl o r  a l k y l  groups, 
i . e . ,  isomers were not  separa ted)  and 10% each f o r  phenol and C -phenols. With 
t h e  subbituminous c o a l ,  t h e  major phenol ic  f r a c t i o n s  cons is ted  af C -, C2- ,  and 
C -phenols (approximately 30% each) with minor f r a c t i o n s  of  phenol and C - 
p2enols (about 10% each) and about 1% C5-phenols. 

Phenols 

2 

1 
4 

HYGAS SOLIDS COMPOSITION 

During g a s i f i c a t i o n ,  t ransformat ion  and e l imina t ion  of  s u l f u r  from one 
c l a s s  of compounds t o  another  occurs  as t h e  coal  chars  move through t h e  var ious  
g a s i f i c a t i o n  s tages .  
t h e  t o t a l  s u l f u r  en tered  t h e  g a s i f i e r  as organic  and p y r i t i c  s u l f u r  i n  t h e  coal  
feed.  
of hydrogen (from 1 . 2 %  i n  feed  coa l  t o  25% of  t o t a l  s u l f u r  i n  f i r s t - s t a g e  char )  
while  t h e  remaining s u l f u r  spec ies  a l l  decreased.  Table 5 l ists  t h e  q u a n t i t i e s  

For t h e  subbituminous coa l  used i n  Test  58, about 91% of 

In t h e  g a s i f i e r ,  s u l f i d e  s u l f u r  increased  s i g n i f i c a n t l y  i n  t h e  presence 
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of  each s u l f u r  class dur ing  g a s i f i c a t i o n .  The normalized d a t a ,  based upon 100 
l b s  of coal feed ,  show t h a t  t h e  bulk o f  t h e  s u l f u r  (approximately 70%) i s  r e a c t e d  
dur ing  the f i r s t  s t a g e  of g a s i f i c a t i o n  and t h a t  l e s s e r  amounts of 1 2 %  each a r e  
r e a c t e d  i n  t h e  second-stage and i n  the steam-oxygen bed. Overal l ,  about 70% of 
t h e  s u l f i d e  and s u l f a t e  spec ies  were g a s i f i e d  along wi th  95% of t h e  organic  and 
p y r i t i c  s u l f u r s  f o r  an o v e r a l l  s u l f u r  removal of  92% from t h e  coa l  feed t o  the  
spent  char. 

The t r a c e  elements i n  s o l i d s  obtained from g a s i f i c a t i o n  of  subbituminous 
c o a l  during Test  55, can be s p l i t  i n t o  severa l  c a t e g o r i e s  according t o  t h e  
q u a n t i t i e s  found i n  t h e  feed  coal  as compared t o  those  found i n  t h e  spent  char .  

Group 1: 90% t o  100% recovery i n  the  ash  - 
Be, V, Mn, Zn, L i ,  C r ,  Pb 

Group 2 :  50% t o  90% recovery i n  t h e  ash  - 
Fe, Ba, As, B, F, T1, N i ,  Cu, Mo 

0 Group 3:  Less than  50% recovery i n  t h e  ash - 
C 1 ,  Se, Cd, Hg. 

Elements p r i m a r i l y  re leased  from char  i n  t h e  steam-oxygen zone - 
Fe, As, Se, T1, N i ,  Cu, Cd, Mo 

Elements p r i m a r i l y  re leased  from char  i n  f i rs t  and second s t a g e s  of 
g a s i f i c a t i o n  - Ba, B, C 1 ,  F, Hg 
Elements i n  chars  from f i r s t  and second s t a g e s  of  g a s i f i c a t i o n  with 
h igher  concent ra t ions  than i n  t h e  feed coa l  - Fe, T1,  N i ,  Cu, Cd, Pb, 
Mo, C r .  

For t h e  l a t t e r  group of elements, mater ia l  ba lances  ind ica ted  t h a t  2130% 
e x i s t e d  i n  g a s i f i e r  chars  compared with t h e  feed c o a l s .  Two of  t h e s e  elements ,  
Pb and C r ,  showed e s s e n t i a l l y  no n e t  disappearance from coal  feed  t o  char  ash.  
For three  elements, Pb, Mo, and Cd, 208%, 247%, and 262%,  r e s p e c t i v e l y ,  o f  coal  
feed  input  was found i n  t h e  upper s t a g e s  o f  g a s i f i c a t i o n .  
As and Se, a l l  of t h e  elements r e l e a s e d  pr imar i ly  i n  t h e  steam-oxygen zone showed 
an increased concent ra t ion  i n  chars  from t h e  upper s t a g e s  o f  g a s i f i c a t i o n .  The 
t r a c e  element d i s t r i b u t i o n  repor ted  here  may have r e s u l t e d  from t h e  l a r g e  
temperature  d i f f e r e n c e s  used i n  t h e  var ious  zones of t h e  r e a c t o r  and i n  t h i s  
r e s p e c t ,  t h e  HYGAS r e a c t o r  is not unique but  i s  comparable t o  o t h e r  i n d u s t r i a l  
processes  (power p l a n t s ,  s t e e l  p l a n t s ,  and o t h e r  coal  g a s i f i c a t i o n  r e a c t o r s )  where 
l a r g e  temperature g r a d i e n t s  e x i s t .  Moreover, t h e s e  t r a c e  element d a t a  represent  a 
s i n g l e  t e s t  of t h e  g a s i f i e r  and addi t iona l  t e s t i n g  i s  requi red  t o  determine 
"average" d i s t r i b u t i o n s  and a l s o  t h e  u l t i m a t e  f a t e  of  t h e  t r a c e  elements .  

With t h e  except ion o f  
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Table 2 .  E F F E C T  OF CARBON I N  COAL FEED ON POLLUTANTS I N  PRODUCT GAS 
QUENCH CONDENSATE STREAM FOR HYGAS REACTOR 

Test 37: Montana Ligni te  
Tests 46,  54: P r e t r e a t e d  I l l i n o i s  No. 6 B i t u m i n o u s  
Tests 55 ,  5 R :  Montana  Subbi tuminous  (Rosebud)  

Carbo" 
i n  Feed. 

T e s t  wf 5' 

37 69.5 

-- 

46 82.8 

54 8 2 .  6 

55 74.2 

58 74. b 

Linear Correlation 
CoefIicie"t.= r 

Significanced F ~ o m  
zero. B 

Phenol 
5-  -- 

4 . 3 1  0.24 5.21 0. IO 

0. 98 0. I2 0. 16 U. IO 

i.94 0 .13  L . L H  0.10 

6.54 1.05 11.5 0.44 

4. 50 I .  J O  1 0 . C  0.92 

-0. 782 -0. 653 

72.4 bl. b 

Total 
Orp."iC Total 
Carbon Thiocyanate Sulftde Ammonia su11ur 
P 5P r _ f i  5 =I x 9% L z  

ih / ton feed (MAFI 

9.97 0 . 5 3  o.nn 0 . 1 1  0.28 0.013 9.28 0.52 .. - -  
0. li  0.06 0. OJ2 0. 01 0. 52 0. 19 1 3 . 0  2.64 0.62 0. 16 

1.7" O.Jn 0. 17 0. 01 1.  3 0  0. IO 1 2 . 0  1 . 3 5  1.01 0. 20 

2 1 . 0  0 . n 2  I. 1 5  0. 07 0. 32 0.04 12. 5 0 . 9 7  5. 1 1  2. 27 

7.60 0 . ~ 2  0.48 0.04 0.43 0.06 13.8 1.20 2.91 a. 35 

-0.659 Q. H36 0. 722 0. 517 -0 .912  

62. I 77. 0 67.4 49. 6 63. 3 

a Moisture- and ash-lrre (SIAF) basis. 

LI_ = s/f i  where s i  standard deviation = ir!x - F 1 2 / l n  - 111 'I2. 87704 11  32 

Perfect linear ~ o r ~ ~ l a f m n  i r  indicated at I =  f l :  linear independence is  indicated at r = 0. 

Using Fisher's Z Lest. t'uo-slded TL0.95, I n - Z l D F ] .  

Table 3. EFFECT O F  COMPONENTS I N  COAL FEED ON POLLUTANTS FOUND I N  PRODUCT 
GAS QUENCH CONDENSATES FOR HYGAS T E S T S  37,  46, 54,  5 5 ,  AND 58 

Regress iona  

Gxygen on Phenol  

Sulfur on Sulfide 

Sulfur on Thiocyanate 

Nitrogen on Ammonia  

Nitrogen on Thiocyanate 

Hydrogen on Phenol 

Hydrogen on Ammonia  

Linear  
Corre la t ion  
Coefficient,  

0.676 

0.640 

-0.855 

0. 151 

-0.856 

0.921 

- 0 . 1 5 6  

SignificanceC 
F r o m  Zero, 

% 
d _ _  

60. 4 

7 8 . 7  

15. 0 

78.7 

84. 8 

15 .6  

a ELements in  coal feed (MAF) on pollutant levels ( repor ted  tn Tables  

r = 1 for p e r f e c t  l i n e a r  cor re la t ion ,  dnd r = 0 f o r  l inear  independence. 

Using F i s h e r ' s  Z t e s t ,  two-sided TL0.95, ( n - 2 ) D F l  

1 and 2 ). 

Oxygen in coal determined  by di f fe rence ;  t h e r e f o r e ,  only 2 d e g r e e s  of 
f reedom and a very  low significance. 

A77040520 
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Table 4 .  COMPOSITION OF LIGHT OIL IN COAL FEED SLURRY TO HYGAS REACTOR 
HYGAS TEST 37 USING MONTANA LIGNITE FEED 

HYGAS TEST 58 USING MONTANA SUBBITUMINOUS FEED 

Test No. 37 58 
Sample Age (Days of Plant Operation) - 1 1 2 2 1 2  

Aliphatics 
Benzene 
Toluene 
C - C  Benzenes 
Iidei?es 
Indanes 
Phenols 
Napthalenes 
Biphenyls 
Acenaphthenes 
Acenaphthalenes 
Fluorenes 
Phenanthrenes/Anthracenes 
Pyrene 
Flouranthenes 
Benzof luorenes 
Benzoflouroanthene 
Benzo-Pyrene 
Furans 
Miscellaneous E Unknowns 

Totals 

\ 

F t  %- 

0.49 1.08 6.85 7.27 
1.37 6.94 5.13 7.10 
94.9 85.2 71.3 69.8 
0.98 1.90 3.98 3.98 

-- 1.27 1.02 
0.20 1.14 3.80 2.44 
0.62 1.65 4.47 5.00 
0.077 0.086 0 .30  0.28 
0.020 0.11 0.11 0.11 

_ _  0.10 0.092 

0.44 0.44 
0.013 0.027 0.059 0.029 

0.12 0.089 
0.006 0.003 

-- 0.005 0.016 
'0.005 0.002 
0.62 0.67 

0.041 1.41 0.25 0.27 _ _  

_ _  
0.06 n.11 0.49 0.35 _ _  _ _  
_ _  _ _  

-_  _ _  
_ _  
_ _  _ _  

-- _ _  
---- 1.22 0.34 0.67 0.90 
99.99 100.0 99.98 99.86 

Table 5. GASIFICATION OF SULFUR BY SPECIES DURING HYGAS TEST 58 
USING ROSEBUD SUBBITUMINOUS COAL 

From HYGAS Routine F irs t -S tage  Second-Stage 
Ultimate Analyses* Coal F e e d  Gasif icat ion Gasif icat ion Spent Char 

No. of Samples :  63 22 20 85 ____ 
wt %. 

Ash 9.48t0.055 1 8 . 1 9 * 0 . 7 1  23.61*1.41 28.45*0.68 
Sulfur 0 . 9 1  f 0.012 0.48 * 0.07 0.40 * 0.08  0.16 * 0.003' 

Sulfur Gasif ied 
Spent Char /Feed, 

Sulfur Spec ie s  Ib S I 1 0 0  Ib Coal F e e d  % 

Sulfide 
Sulfate 
organ ic  
pyrit ic  

0.062 0.052 0.003 70. 0 
66. 7 
93. 3 

0.010 96. 6 

0.01 
0.031 0.034 0.020 0.06 

0.45 0.125 0.070 0.030 
0.29 - 0.036 - 0.006 - 

SUm 0.81 0.255 0. I62 0.063 

Total Sulfur Gas i f i ed .  % 0 68. 5 80.0 92. 2 

*Limits shown are 95% confidence levels d e t e r m i n e d  by ( G  * 1.960 ). Data are from normal HYGAS operatlono. 

' 70 s a m p l e s  involved in sulfur ana lys i s .  
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T a b l e  4 .  COMPOSITION OF LIGHT OIL I N  COAL FEED SLURRY TO HYGAS REACTOR 
HYGAS TEST 37 USING MONTANA LIGNITE FEED 

HYGAS T E S T  58 USING MONTANA SUBBITUMINOUS FEED 

Test No. 37 58 
1 12 2 12 Sample Age (Days of Plant Operation) - - - -  

-wt t-- 
Aliphatics 
Benzene 
Toluene 
C - C  Benzenes 
I?ideaes 
Indanes 
Phenols 
Naphthalenes 
Biphenyls 
Acenaphthenes 
Acenaphthalenes 
Fluorenes 
Phenanthrenes/Anthracenes 
Pyrene 
Flouranthenes 
Benzof luorenes 
Benzoflouroanthene 
Benzo-Pyrene 
Furans 
Miscellaneous E Vnknowns 

Totals 

0.49 1.08 6.85 7.27 
1.37 6.84 5.13 7.10 
94.9 85.2 71.3 69.8 
0.98 1.90 3.98 3.98 
0.041 1.41 0.25 0.27 -- -- 1.27 1.02 
0.20 1.14 3.80 2.44 
0.62 1.65 4.47 5.00 
0.077 0.086 0.30 0.28 
0.020 0.11 0.11 0.11 -- -- 0.10 0.092 
0.06 0.11 0.49 0.35 -- -- 0.44 0.44 
0.013 0.027 0.059 0.029 -- -- 0.12 0.089 -- -- 0.006 0.003 
-- -- 0.005 0.016 -- -- 0.00s 0.002 -- -- 0.62 0.67 
1.22 0.34 0.67 0.90 

99.99 100.0 99.98 99.86 
__ 

Table 5 .  GASIFICATION OF SULFUR BY SPECIES DURING 
HYGAS TEST 58 USING ROSEBUD SUBBITUMINOUS COAL 

From HYCAS Routine F i  I st-Stage Second-Stage 
Ultimate A m a l y a e ~ *  Coal Feed Gasification Gasification Spent Char --- 

NO. 01 Sarnplee: 63  22 20 8 5  
7 7  

~ _ I _  

Aih 9 . 4 8 * 0 . 0 5 5  1 8 . 1 9 * 0 . 7 1  2 3 . 6 1 -  1 . 4 1  2 8 . 4 5 * 0 . 6 8  
Sulfur 0 . 9 i * 0 . 0 1 2  0 . 4 8 * 0 . 0 7  0 . 4 C ~ ~ 0 . 0 8  0 . 1 6 * 0 . 0 0 3 t  

Sulfur Caaified 
Spent ChrrfFead. 

sulfur Spec ie s  Ib S f 1 0 0  Ib Coal Feed 7. 
Sulfide 
Sulfate 
O*g*"iC 
Fyritic 

0.01 0.062 0.052 0 .003  70.0 
0.06 0.  031 0.034 0 .020  66. 7 
0 . 4 5  0. I25 0.070 0.030 93.3 

0.010 96.6 0.006 0 . 2 9  __ - 0.036 - - 
sum 0.81 0.255 0.162 0.063 

Total Sulfur Gasified. I. 0 68.  5 80.0 92 .2  

'Limits s h a m  are 95% confidence levels determined by ( G  * ). Dot. arc from n o r m i  HYCAS operatbn.. 

70 #ample* involved in sullur anriysia. A77020124 



F i g u r e  1 .  THE HYGAS PROCESS USING A STEAM-OXYGEN G A S I F I E R  
TO PRODUCE HYDROGEN-RICH GAS 

F- A A W  GAS 

SLUARY DRYING 

GAS-SOLIDS 
OISENGAGING 

FIRST-STAGE 
HYOAOCASIFICATION 

Figure 2.  HYGAS P I L O T  PLANT REACTOR 
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MAJOR, MINOR AND TRACE ELEMENT BALANCES FOR THE 
SYNTHANE PDU GASIFIER - ILLINOIS NO. 6 COAL 

S .  J. Gasior, R. G. Lett, 3. P. Strakey and W. P. Haynes 

U. S. Department of Energy 
Pittsburgh Energy Research Center 

4800 Forbes Avenue 
Pittsburgh, PA 15213 

Summary 

Two typical coal gasification tests were performed i n  the SYNTHANE process 
development unit (PDU) primarily to determine the distribution and quantity of trace 
elements in all process streams. For these tests, an Illinois No. 6 coal was gasi- 
fied in a fluidized-bed with steam and oxygen at 40 atmospheres and a nominal 940' C. 
Sixty-five trace elements were identified by spark source mass spectrometry (SSMS) 
and quantified by computer assisted photoplate analysis. The distribution and 
quantities of only some potentially hazardous elements such as arsenic (As), beryl- 
lium (Be), cadmium (Cd) , lead (Pb), mercury (Hg), nickel (Ni), selenium (Se) and 
vanadium (V) are discussed. Mercury (Hg) was determined by flameless atomic adsorp- 
tion spectrometry ( U S )  using double gold amalgamation. Within the precision of 
both these analytical techniques it was found that most of the trace elements in the 
feed coal were recovered in the char. The trace elements in the feed coal ranged 
from a low of 0.1 ppm of Hg to a high of 19 ppm of Ni. 
(C), hydrogen (H), nitrogen (N), oxygen (01, and sulfur (S) were determined by 
standard ASTM procedures while the minor elements, iron (Fe), aluminum (Al), silicon 
(Si), sodium (Na), calcium (Ca), potassium (K), magnesium (Mg) and chlorine (Cl) were 
determined by gravimetric or atomic adsorption techniques. 
coveries of over 95 percent were obtained for the major elements, which were found 
primarily in the product gas. 
for the minor elements, found principally in the char except for C1 which was found 
principally in the condensate water. 

The major elements, carbon 

Average overall re- 

Recoveries of better than 87 percent were attained 

Introduction 

Conversion of coal to a high-energy gaseous fuel in an environmentally accept- 
able manner is an important part of the U. S.  energy program. The Pittsburgh Energy 
Research Center's SYNTHANE process is one of these coal conversion processes. While 
this coal-to-gas conversion process was being developed in the Process Development 
Unit (PDU) the environmental aspects of the process were being studied. Forney 
et.al.(l) and Schmidt et.al. (2) first reported on the analysis of the various 
effluent streams discharging from this PDU. Later, Forney et.al (2) attempted to 
make a mass balance of the trace and major elements around the SYNTHANE PDU gasi- 
fier. 
of the trace elements was less so. This paper describes two coal gasification 
tests, performed in the same PDU gasifier, in which a several fold improvement in 
recovery and balance of a selected group of trace elements was made. Means were 
taken to obtain representative samples of the various solid, gas and liquid streams, 
followed by meticulous care in preparing the samples to prevent contamination. 

While the balance of major elements was satisfactory, the recovery and balance 

The SYNTHANE PDU System 

The system consists primarily of a fluid-bed gasifier, a free-fall carbonizer, 
and a fluid-bed pretreater, figure 1. 

The gasifier is a 6-ft. long, 4-in. diameter, Schedule 40 pipe of 310 stainless 
It is surrounded by three individually controlled, insulated, electric heat- steel. 

ers that supply heat for startup and counter radiation loss during operation. 
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Figure 1-Schematic flowsheet of the SYNTHANE PDU 
gasifier and sample points. 
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The carbonizer is a 6-ft. long, 10-in. diameter Schedule 40 pipe of 304 stain- 
less steel. 
560' C during gasification. 

Electric heaters surrounding the carbonizer maintain it at a nominal 

The pretreater is a 7.5-ft. long, 1-1/2-in. diameter Schedule 80 pipe of 304 
Four individually controlled heaters enclose the pretreater and stainless steel. 

normally maintain heat for adiabatic conditions at 430' C. 

Operations 

When gasifying the caking Illinois No. 6 coal, the pulverized (20 x 0 mesh) coal 
is conveyed to the base of the pretreater and through the pretreater with nitrogen 
containing 10-15 vol.% oxygen at a fluidizing gas velocity of 0.3-0.5 ft/sec. Pre- 
treating or decaking occurs at a nominal oxygen-to-coal ratio of 1.0 cu.ft. per lb., 
a temperature of 430' C and a coal-to-gas contact time of 8 mins. The decaked coal 
empties from the top of the pretreater and falls by gravity through the carbonizer 
countercurrent to the product gas exiting from the top of the fluidized-bed in the 
gasifier. A mixture of steam and oxygen enters the base of the gasifier and main- 
tains the coal in a fluidized state at a nominal gas velocity of 0.3 ft/sec. 
fluidized-bed height of 68 ins. is maintained by a combination of coal feed, gasi- 
fication and extraction rates. 

Sampling 

A 

Samples of the feed coal, char, tar, condensate water and gas were collected 
from the sampling points shown in figure 1. 
collected in polyethylene containers, those containers for condensate and tar were 
acid-cleaned. All coal and char samples were collected and prepared according to 
ASTM (D-2234-72 and D-2013-72) methods. To improve.homogeneity the coal and char 
samples were further crushed to a fine powder using a boron carbide mortar and 
pestle. Due to the high hydrocarbon and low ash content of the tars they were ex- 
amined as low temperature ash. 
ultra-pure graphite. Product gas was passed through graphite-packed filters. Analy- 
sis of the filters by SSMS indicated low concentration of sulfur and no other ele- 
ments above the instrument background levels. 

All samples for SSMS analysis were 

Condensate samples were prepared by evaporation onto 

Analysis 

Spark source mass spectra were recorded as a series of graded exposures on ion- 
sensitive photoplates. 
samples. A wider beam-defining slit giving resolution near 1 part in 4,000 was used 
on a few longer exposures for the ultra-trace elements in order to improve ion trans- 
mission and shorten the length of time required for ion collection. The lower reso- 
lution slit was also used on the condensate samples to avoid blockage by organic 
material. After developing, the photoplates were placed on a densitometer and the 
densitometer output transferred to a strip chart recording. Elemental concentrations 
were determined from the percent transmission of analytical mass lines by standard 
procedures, assuming validity of the Hull (5) equation. 
at PERC on a PDP-11/70 computer. 

Resolution was maintained near 1 part in 10,000 on ashed 

All calculations were done 

Elemental sensitivities for the SSMS analysis were determined, where possible, 
from runs of NBS SRM 1632 (fly ash). 
determined from USGS standard BCR-1 (basalt). A few sensitivities for elements such 
as Cd and Se were determined from prepared solutions evaporated onto graphite. 

Sensitivities of a few minor elements were 

Results and Discussion 

Operating conditions and results for the subject tests are shown in table 1. 
Major element analyses and amounts of coal and feed streams to the gasifier are shown 
in table 2. Major element analyses of the exit streams from the gasifier are shown 
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TABLE 1. - Operating conditions and results from gasification of an Illinois 
No. 6 coal with steam and oxygen at 40 atmospheres 

Test No. 228 2 35 
Time, hrs. 4.5 5.0 

=t, kgs 
Coal 
Steam 
Oxygen 
Nitrogen 

Output, kgs 
Gas 
Condensate 
Char 
Tar 

Temp., max. avg.OC 
Pretreater 
Gasifier 

40.179 
73.030 
17.932 
69.149 

119.297 
57.500 
11.613 
1.599 

38.136 
71.732 
15.436 
80.340 

131.468 
64.476 
10.930 
.812 

428 430 
94 7 933 

Results 
Carbon gasified, % 67.9 75.5 
Carbon converted, % 72.9 78.3 
Stearf/convg&ed, % 14.7 13.8 
Make- gas /kg coal .96 1.0 
Tar make, % of coal 3.98 2.13 

- ~/H~+co+cH~+c~H~. 

TABLE 2. - Major element analysis of feed stream to gasifier 
Test No. 228 235 
Coal feed, gms 40.179 38,136 
Elements, wt. % 
Carbon 64.5 64.2 
Hydrogen 
Oxygen 
Nitrogen 
Sulfur 
Ash 
Moisture 
Fixed Carbon 
Volatile Matter 

Hydrogen, wt. % 
Oxygen, wt.% 

1/ Water ,- gms 

5.0 
9.9 
1.1 
4.0 

3.8 
46.6 
34.1 

15.5 

6.0 
12.3 
1.2 
3.7 

4.3 
47.8 
35.2 

12.7 

73,030 71,732 
11.1 11.1 
88.9 88.9 
17,932 18,436 
69,149 80,340 

2/ Oxygen.- gms 
31 Nitrogen,- gms 

- l/Distilled water, less than 1.0 ppb Hg. 
- 2/Cylinder oxygen, 99.5% 0 , 0.5% N +Ar less than .03 ppb Hg. 
- 3/Liquid nitrogen, 99.99852 N2, typgcally less than 3 ppm H2, O2 with trace of 
Ar and less than 0.2 ppb Hg. 
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i n  t a b l e  3 and the mass ba lances  of t h e  major elements around t h e  g a s i f i e r  a r e  shown 
i n  t a b l e  4. The t abu la t ed  r e s u l t s  r e v e a l  t h a t ,  a t  t h e  p a r t i c u l a r  g a s i f i c a t i o n  condi- 
t i o n s ,  t h e  l a r g e s t  po r t ions  of t h e  major elements appear i n  t h e  product gas  and 
condensate.  The gas was analyzed by mass spectrometry and gas chromatography and t h e  
condensate by g rav ime t r i c ,  co lo r ime t r i c  and t i t r a m e t r i c  methods. 

TABLE 3. - Major element a n a l y s i s  of e x i t  streams from g a s i f i e r  

Gas Ext rac to r  F i l t e r  Tar Condensate To ta l  
gm cha r ,  gm Char, gm gm gm gm 

T e s t  No. 228 
Carbon 16,495 6,545 417 1,290 920 25,667 
Hydrogen 2,636 131 11 107 6,268 9,153 
Oxygen 29,883 165 29 136 50,025 80,238 
Nitrogen 69,149 42 4 22 218 69,435 
Su l fu r  1,134 8 1  7 43 288 1,553 

Tes t  No. 235 
Carbon 16,914 6,140 362 676 1,032 25,124 
Hydrogen 2.698 198 13 59 7,028 9,996 
oxygen 30,355 136 14 58 56,094 86,657 
Nitrogen 80,340 52 4 9 257 80,685 
Su l fu r  1 ,161 73 5 1 0  129 1,378 

TABLE 4. - Mass balance of t h e  major elements 

IN, kg OUT, kg % Recovery 
Test No. 228 
Elements; 

Carbon 25.92 25.67 
Hydrogen 10.18 9.15 
Oxygen 86.77 80.24 
Nitrogen 69.59 69.44 
Su l fu r  1.60 1.55 

194.06 186.05 

99.0 
89.9 
92.5 
99.8 
96.9 
95.8 
- 

Test  No. 235 
Carbon 24.48 25.12 102.6 
Hydrogen 

Nitrogen 
Oxygen 

10.32 10.00 
83.83 86.66 
80.80 80.69 

96.9 
103.4 
99.9 

Su l fu r  1.41 1.38 97.9 
200.84 203.85 101.5 

The mass balance r e v e a l s  a r e l a t i v e l y  good recovery,  ranging from 90-97% f o r  H 
t o  99.8-99.9% f o r  N. 
i n  t h e  range of 96.9 t o  97.9%. 

Even t h e  recovery of t he  comparatively sma l l  amount of S was 
Most of it was found i n  t h e  product gas .  

Minor elements,  ( A l ,  C a ,  C 1 ,  Fe,  Mg, K, N a ,  S i ,  and T i )  found i n  t h e  ash of the 
c o a l  w e r e  recovered i n  t h e  g a s i f i e d  char except  f o r  C 1 ,  which was found p r imar i ly  i n  
t h e  condensate water ,  as shown i n  t a b l e  5. Analysis was done by AAS and g rav ime t r i c  
methods. 
p reva len t  element i n  t h i s  group, C 1 ,  t o  101.6% for t h e  most prevalent  element,  S i .  

Recovery of t h e  minor elements ranged from a low of 62.5% f o r  t h e  l e a s t  
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TABLE 5. - Minor element a n a l y s i s  of s o l i d s  and mass ba lance  

I N  Coal OUT Char Recovery 
gm w t . %  gm w t . %  percent  

Test No. 228 
Elements : 

Si l i con  1,665 4.14 1,694 14.6 101.6 
Aluminum 753 1.87 754 6.5 100.1 
I ron  1,173 2.92 1 ,033  8.9 88.1 
Titanium 48 .12 45 .4 93.8 
Calcium 418 1.04 409 3.5 97.8 
Magnesium 4 1  .10 45 .4 93.8 
Sodium 24 .06 2 1  .2 87.5 

112 .28 113 1.0 100.9 
16 .04 2 .02 12.5 

P o t a s s i  
C h l o r i n e  "PI 

- 118 gms found i n  condensate water,  t o t a l  recovery 62.5. 

A s  i n  t h e  case  of t h e  minor elements,  t h e  t r a c e  elements ( A s ,  B e ,  Cd, N i ,  Pb, 
Se, V) from t h e  c o a l  were recovered i n  t h e  g a s i f i e d  cha r ,  except f o r  Hg. Only 12.5 
t o  20.0% of t h e  Hg w a s  recovered. In test 235, t h i s  represented  a recovery of 0.6 mg 
of Hg out  of t h e  3.0 mg p resen t  i n  t h e  38 KG of g a s i f i e d  c o a l ,  t a b l e  6. 
amount 0.44 mg w a s  found i n  t h e  char and 0.16 mg w a s  found i n  t h e  t a r  and condensate. 
Although t h e  whereabouts of t h e  major po r t ion  of t h e  Hg remains unresolved, it seems 
reasonable t o  assume t h a t  because of t h e  v o l a t i l i t y  of Hg, i t  should be  found i n  the  
product gas.  For c o a l  combustion Kalb (5) r e p o r t s  t h a t  t h e  major po r t ion  of mercury 
was indeed de tec t ed  i n  f l u e  gas.  

Of t h i s  

TABLE 6. - Trace element a n a l y s i s  of s o l i d s  and l i q u i d  streams 

Coal Ext rac tor  F i l t e r  T a r  Condensate 
ppm mg char ,  mg ppm char ,  mg mg mg 

Arsenic 3.2 130 120 6.2 3.7 1.6 2.6 
Beryllium 1.1 44 4 1  0.2 0.1 - <0.2 
Cadmium 0.5 20 23 3.6 2.2 - <0.5 - ~ 0 . 3  
Lead 5.1 200 120 14.0 8.4' 0.3 - <0.3 
Mercury 0.10 4 .24 .02 .06 .01 .19 
Nickel 16 640 600 11.0 6.6 7.6 0.5 

<2.1 Selenium 2.8 110 
Vanadium 14  560 680 17.0 10 0.7 0.3 

Test No. 228 

- 

- ~ 0 . 5  94 0.7 0.4 - 

Test No. 235 
Arsenic 2.9 110 100 7.6 3.8 0.7 3.0 
Beryllium 1.4 53 39 0 .4  0.2 .02 - ~ 0 . 4  

Lead 8.5 320 150 25.0 13.0 1 .2  - ~ 3 . 0  
Mercury .08 3 .40 .03 .14 .03 ..13 
Nickel 19 720 400 17 8.5 6 . 1  2.0 

<20 Selenium 2.6 99 86 1 .5  0.8 .09 
Vanadium 1 3  500 380 24.0 12 0.2 0.6 

Cadmium 0.5 19 17 5.9 3.0 0 .1  - <1.0 

- 
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Another unresolved condition was the relatively high ratio of As, Cd and Pb in 
the filter char as compared to that found in the coal. On a percentage basis, the 
char contained about twice the As, eight times the Cd and 3-50 times the Pb as was 
found in the coal. 
as does the coal, represents, however, only 1.3-1.5 percent of the coal feed. Whe- 
ther the disparate ratio between the filter char and coal is caused by the volati- 
lized material in the product gas, depositing onto the fine filter char o r  whether 
this represents particle size effect, i.e., the finer coal or char contains a greater 
percentage of these three elements, remains to be resolved. 

The filter char which has essentially the same ultimate analysis 

Total recoveries ranged from a nominal low of 49% for Pb to a nominal high of 
124% for Cd and V. 
an inhomogeneity of Pb in the coal or chars. 

The apparent low recovery of Pb may be an artifact arising from 

Trace elements content of the coal as determined by our SSMS and flameless AAS 
analysis were reasonably close to those determined by AAS analysis, as reported by 
Attari ( g ) ,  for a similar Illinois No. 6 coal. 

Conclusions 

Results from two typical coal gasification tests, performed in the SYNTHANE PDU, 
indicated that a mass balance of major and minor elements can be achieved with a 
relatively high degree of precision by standard analytical methods. 

A reasonable degree of precision can be obtained for trace elements, with the 
exception of mercury. 
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EFFECTS OF UNDERGROUND COAL GASIFICATION ON GROUND-WATER QUALITI 

J. H. Campbell and V. Dalton 

Lawrence Livermore Laboratory 
P.O. Box 808, Livermore, CA 94550 

J. Busby 
United S t a t e s  Geological Survey 

Cheyenne, Wyoming 

INTRODUCTION 

Although in - s i tu  coa l  g a s i f i c a t i o n  o f f e r s  important environmental advan- 
tages when compared with more conventional methods of c o a l  recovery ,  t he re  a r e  
c e r t a i n  environmental concerns t h a t  r equ i r e  c a r e f u l  eva lua t ion .  The poss ib i l -  
i t y  t ha t  undergound r eac t ion  products may cause adverse  changes i n  ground-water 
qua l i t y  is p a r t i c u l a r l y  important.  

c l a r i f y  t h e  na tu re  and s ign i f i cance  of t he  ground-water ques t ion .  This  program 
includes a l abora to ry  inves t iga t ion  of g a s i f i c a t i o n  r e a c t i o n  products and t h e i r  
i n t e r a c t i o n  with coa l ,  a modeling study of t h e  evolving plume of contaminated 
ground-water, and a ground-water sampling program a t  the s i t e  of an  i n - s i t u  c o a l  
g a s i f i c a t i o n  experiment. The g a s i f i c a t i o n  experiment was conducted i n  North-East 
Wyoming ( t h e  Hoe Creek s i t e )  by LLL. This paper is focused on the  r e s u l t s  of 
our water-sampling program assoc ia t ed  with t h e  "Hoe Creek I" g a s i f i c a t i o n  ex- 
periment and r e s u l t s  from recent  l abora to ry  experiments on ash leaching  and 
po l lu t an t  t r anspor t .  

The Hoe Creek g a s i f i c a t i o n  experiment(l9') was conducted i n  the  f a l l  of 
1976. The g a s i f i e d  coa l  seam (Fel ix  11) i s  25 f e e t  t h i ck  and l i e s  a t  a depth 
of 125 f e e t  - wel l  below t h e  s t a t i c  water l e v e l .  The F e l i x  I1 coal i s  an  
aqu i f e r ,  and is over l a in  by two a d d i t i o n a l  a q u i f e r s .  Although t h e  over ly ing  
aqui fe rs  a r e  a l s o  of importance environmentally,  t h i s  i n i t i a l  s tudy  is concen- 
t r a t ed  on the gas i f i ed  Fe l ix  I1 seam. 

The water-quali ty inves t iga t ions  have two o b j e c t i v e s :  F i r s t ,  to  de te r -  
mine the e f f e c t s  of in s i t u  coa l  g a s i f i c a t i o n  experiments on the  l o c a l  ground 
water and second, t o  l e a r n  t o  p r e d i c t ,  r e l i a b l y ,  t h e  ground-water e f f e c t s  t h a t  
may r e s u l t  from commercial-sized g a s i f i c a t i o n  opera t ions .  It is important t o  
emphasize t h a t  the e f f e c t s  of concern may develop over a period of s eve ra l  
decades, o r  even cen tu r i e s .  This i s  a consequence of t he  r e l a t i v e l y  slow 
t ranspor t  of contaminant ma te r i a l s  through t h e  slow-moving ground-water sys- 
tem. It is, the re fo re ,  e s s e n t i a l  t o  develop q u a n t i t a t i v e  p r e d i c t i v e  capabi l -  
i t i e s  based on a thorough understanding of t h e  contaminant source and i t s  
chemical and phys ica l  evolu t ion .  The cu r ren t  water-sampling a c t i v i t i e s  a r e  
aimed primary a t  source d e f i n i t i o n  while t h e  l abora to ry  s t u d i e s  focus  on pro- 
viding d a t a  on po l lu t an t  leaching  and t r anspor t .  

The water q u a l i t y  f i e l d  da t a  were obtained p r i n c i p a l l y  from a s e r i e s  of 
wells completed i n t o  the F e l i x  I1 c o a l  and provided with pumps (Fig.  1 ) .  The 
des igna t ions  EM, DW and OW i n  Fig. 1 a r e  abbrev ia t ions  f o r  environmental moni- 
t o r ing  w e l l ,  dewatering w e l l  and observa t ion  we l l ,  r e spec t ive ly .  

The curve surrounding the  i n j e c t i o n  and production w e l l s  i n  Fig. 1 shows 
the estimated ex ten t  of coa l  g a s i f i e d  a s  deduced from thermocouple d a t a . ( l )  
DW-4 l i e s  wi th in  two f e e t  of the g a s i f i c a t i o n  boundary and hence provides  a 
close look a t  the important reg ion  j u s t  ou t s ide  t h e  burn zone. 

\ The Lawrence Livermore Labortory (LLL) is pursuing a 3-part program t o  

Work performed under the auspices 
of the U.S. Energy Research & 
Development Administration under 
contract No. W-7405-Eng-48. 
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Figure 2(3) is u s e f u l  i n  i n t e r p r e t i n g  the  water -qua l i ty  d a t a  obta ined  a t  
Hoe Creek. I n  agreement wi th  t h i s  model of t he  undergound source ,  a v a r i e t y  
of inorganic m a t e r i a l s  have been found i s s u i n g  from wi th in  the burn boundary 
and a high l e v e l  of organics  ( p a r t i c u l a r l y  phenolic ma te r i a l )  t h a t  appears t o  
be concentrated i n  a t h i n  r i n g  t h a t  surrounds t h e  burn zone. 

EXPERIMENTAL 

De ta i l s  of t he  w e l l  pumping and sampling procedures used i n  t h e  f i e l d  a r e  
given elsewhere(4).  
l abo ra to ry  were preserved us ing  w e l l  known methods(5.6). 
f i e l d  measurements were immediately r e f r i g e r a t e d  and usua l ly  analyzed wi th in  
an hour of sampling. Methods and procedures used f o r  analyses of t h e  samples 
a r e  found i n  r e fe rences  5-8. 

De ta i l s  of the appa ra tus ,  procedure and a n a l y s i s  methods f o r  both the  ash  
leaching and p o l l u t a n t  t r anspor t  experiments a r e  given i n  r e fe rence  9 . .  A 
schematic of t h e  coa l  coluum appara tus  used for t he  p o l l u t a n t  t r a n s p o r t  experi-  
ments i s  shown i n  F igure  3. 

Water samples t h a t  were t o  be f u r t h e r  analyzed i n  the 
Water samples f o r  

RESULTS AND DISCUSSION 

A. F ie ld  Measurements 

P regas i f i ca t ion  (base l ine  d a t a )  

P r io r  to  g a s i f i c a t i o n ,  water from we l l s  i n  the  F e l i x  I1 coa l  seam and in  
the  overburden were sampled t o  provide base l ine  d a t a  wi th  which t o  compare 
g a s i f i c a t i o n  and pos t -gas i f i ca t ion  water ana lyses .  The r e s u l t s  of t h e  base- 
l i n e  da ta  fo r  t he  F e l i x  I1 coa l  seam are presented  i n  Table 1. Note t h a t  t he  
p r inc ipa l  ca t ions  a r e  calcium, magnesium, potassium and sodium; the anions a r e  
bicarbonate,  s u l f a t e  and ch lo r ide .  On a n  equiva len t  bas i s ,  t hese  seven spec ies  
balance ( i . e . ,  form an e l e c t r i c a l l y  n e u t r a l  s o l u t i o n )  t o  wi th in  3%. 

i n  the range 0-2 ppb, and the d isso lved  organic  carbon (DOC) is between 3 and 
8.5 ppm. 
between hydrophobic and hydrophi l ic  compounds. Resu l t s  from f u r t h e r  f rac t iona-  
t i o n  of t h e  DOC i n t o  a c i d ,  base,  and n e u t r a l  compounds a r e  d iscussed  i n  r e f s .  
4 and 10 .  

(p re -gas i f i ca t ion )  show the  presence of t r a c e  amounts of low-molecular-weight 
chain hydrocarbons (C -C12) a s  wel l  a s  s i m p l e  a romat ics  such a s  benzene, t o l -  
uene and xylenes ( 8 y 1 0 j .  

The amount of methane d isso lved  i n  the  c o a l  seam water w a s  approximately 
11 f 4 mg/l, p re -gas i f i ca t ion .  A s  might be expected, t h i s  va lue  was r e l a t i v e l y  
high s i n c e  coa l  seams o f t e n  n a t u r a l l y  conta in  l a r g e  q u a n t i t i e s  of free-methane. 
Water from l o c a l  ranch wel l s ,  which a r e  not  completed i n t o  the  c o a l  seam, con- 
ta ined  undetec tab le  amounts of methane (10.2 mg/ l ) .  

Gas i f i ca t ion  

The concen t r a t ion  of phenol ic  m a t e r i a l  p resent  before  g a s i f i c a t i o n  i s  

Frac t iona t ion  of the DOC g ives  an approximately 50/50 d i s t r i b u t i o n  

Q u a l i t a t i v e  GC-MS da ta  f o r  the v o l a t i l e  organic  spec ies  i n  t h e  water 

Although the major emphasis of t h i s  study i s  on the eva lua t ion  of t he  
pos t -gas i f i ca t ion  ground-water contaminant source ,  we a l s o  analyzed water from 
s e v e r a l  of the monitoring we l l s  during t h e  g a s i f i c a t i o n  process.  
provided an es t imate  of t he  r a t e  of contaminant buildup i n  t h e  coa l  which sur -  
rounds the g a s i f i e r ,  a s  w e l l  as t h e  approximate a r e a l  ex ten t  of the contamina- 
t i o n  a s  a func t ion  of time. 

These d a t a  
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TABLE 1 

Resu l t s  of water ana lyses  be fo re ,  during,  and a f t e r  t he  Hoe Creek I experiment. 
The b a s e l i n e  da t a  r ep resen t  an average o f  ana lyses  from 7 w e l l s  completed i n t o  
t h e  F e l i x  I1 c o a l  seam. Only "during" and "a f t e r "  d a t a  f o r  EM-1 (100 f t  from 
burn boundary) and DW-1 (10 f t  from burn boundary) are shown h e r e  s i n c e  they  
t y p i f y  the  gene ra l  t r ends  observed wi th  i n c r e a s i n g  r a d i a l  d i s t a n c e .  Also 
given a r e  pos t -gas i f i ca t ion  d a t a  f o r  i n s i d e  the  burn boundary. Data f o r  182 
and 280 days fol lowin a s i f i c a t i o n  and complete d a t a  f o r  a l l  o t h e r  w e l l s  are 
summarized elsewhere(  u 0 

I n s i d e  Outside Bum Boundary 
Burn DW-1 E e l  

Pre-Gasif . Boundary (10 f t . )  (100 f t . )  
Conc. Basel ine ( I n j e c t i o n  Well) During Post  During Post  

Species  Un i t s  Dataa Post-Gasif. Gas i f .  Gasif .  Gasif .  Gasif .  
83d 3d 83d 3d 83d 

Alkal .  m n / l  407 f 30 63 595 693 430 837 686 636 

Al f3  P d l  

A s  +3 vgI1  

Ba +2 MI1 
HCO; mg/l 

B+3 v g / l  

Br- mg/l 

Cd+' u g l l  

Ca +' mg/l 

CO~;' mg/l 

c1- mg/ 1 

m- mg/l 

Fe d i s s .  u g / l  

Pb" p g / l  

Li+ mg/l 

Mg+' mg/l 

NH4 as N mg/l 

NO2 as N mg/l 

NO3 a s  N mg/l 

Phenols p g / l  

K+ mg/l 

D i s s .  
So l id s  mg/l 

N a  + mg/l 

SO-' mg/l 

S-2 mg/l 

Zn +2 l l g l l  

+ 

CH,, mg/l 

0 - 10 

0 - 1  

100 t 100 

496 f 40 

86 t 30 

0 - 0.1 

0 

36 f 1 0  

0 

1 3  f 5 

0.00 - 0.01 

0 - 10 

0 - 1  

34 + 5 

10 f 4 

0.55 f 0.05 

0.00 

0.02 f .01 

1 2 1  

5.4 f 0.5 

703 f 70 

214 f 15 

154 f 80 

0.3 f 0.2 

224 f 200 

11.5 t 4 

2 20 

8 

0 

0 

710 

1.0 

0 

5 70 

24 

37 

0.43 

30 

1 

310 

1 9  

1 9  

0.00 

0.01 

41  

57 

3390 

320 

2200 

4.0 

1 0  

1.8 

0 1 0  

1 1  

200 600 

725. 845 

90 110 

0.2 0.3 

0 0  

35 110 

0 0  

1 0  1 0  

7.0 48 

380 37000 

2 0  

30 50 

8 . 1  28 

0.49 2.1 

0.00 0.00 

0.19 0.01 

15 1000 

4.3 7.5 

699 989 

240 350 

37 67 

0.7 1.1 

50 20 

4 . 2  0.4 

20 

0 

0 

524 

360 

0.7 

0 

220 

0 

22 

0.14 

1700 

0 

190 

55 

20 

0.00 

0.07 

340 

25 

2020 

310 

1000 
- 

1200 
- 

0 

0 

0 

1020 

90 

0.0 

1 

110 

0 

6.6 

4 .O 

4400 

2 

50 

26 

0.80 

0.00 

0.01 

83 

7.7 

1170 

330 

250 

0.3 

120 

CQ.2 

1 0  1 0  

0 1  

0 1  

836 776 

90 70 

0.1 0 .1  

0 .1 

100 78 

0 0  

7.4 9.5 

5.0 0.01 

18000 160 

2 7  

50 50 

26 1 8  

0.77 0.84 

0.00 0.00 

0.01 0.02 

15  2 

7.7 6 .1  

1240 1050 

320 310 

320 310 

2.6 0.6 

30 20 

35.0 - 
~~ 

aThe t va lues  i n d i c a t e  t h e  approximate range of t h e  r e s u l t s  f o r  t h e  seven b a s e l i n e  
wells. 



Ign i t ion  took p l ace  October 15, 1 9 7 6  and g a s i f i c a t i o n  continued f o r  ap- 
proximately 11 days. 
f i e d ,  producing 19 MMSCF of gas  (13.2 MMSCF dry)  having an average h e a t i n g  
va lue  of 110 Btu/scf (1,Z). On t he  seventh day of g a s i f i c a t i o n ,  water samples 
were pumped from several of t h e  w e l l s  ou t s ide  the  g a s i f i c a t i o n  burn boundary. 
Data from t h e  a n a l y s i s  of two samples (DW-1 and EM-1) a r e  summarized i n  Table 1 
and compared with cond i t ions  p r i o r  t o  and fo l lowing  g a s i f i c a t i o n .  

only seven days a t  t h e  t i m e  of t h i s  sampling, t he  g a s i f i c a t i o n  process  had 
begun to  a f f e c t  t h e  water q u a l i t y  a t  d i s t a n c e s  up t o  100 f e e t  from t h e  burn 
zone. I n  p a r t i c u l a r ,  l a r g e  inc reases  i n  CN-, phenols and e l e c t r i c a l  conduc- 
t i v i t y  were observed. 

d i s t r i b u t i o n  of DOC (as determined from f r a c t i o n a t i o n  measurements) remained 
approximately the  same as  t h a t  observed i n  t h e  base l ine  s tudy( lO) .  The con- 
cen t r a t ion  of methane p resen t  i n  t h e  water  dropped from 11 m g / l  t o  below 
de tec t ab le  l i m i t s  (<0.2 mg/l) i n  a l l  t h e  w e l l s  monitored. Thus, t h e  amount of  
d i sso lved  CH4 i n  t h e  water  appears  t o  be  very  s e n s i t i v e  t o  pe r tu rba t ions  o f  
t he  n a t u r a l  ground-water system. 

Pos t -Gas i f ica t ion  

During t h a t  pe r iod ,  n e a r l y  130 tons  of coa l  were gasi-  

It i s  i n t e r e s t i n g  to  no te  t h a t  although g a s i f i c a t i o n  had proceeded f o r  

Although t h e  t o t a l  amount of DOC a l s o  increased  dur ing  g a s i f i c a t i o n ,  t h e  

Water sampling a t  the  Hoe Creek s i t e  w a s  c a r r i e d  ou t  a t  pe r iods  o f  3 ,  
83, 1 8 2  and 280 days fo l lowing  g a s i f i c a t i o n .  (Only p a r t  of the  d a t a  are cur- 
r e n t l y  a v a i l a b l e  f o r  t h e  most r ecen t  (280-day) sampling expedi t ion . )  Shown i n  
Table 1 a r e  t y p i c a l  ana lyses  f o r  i n s i d e  ( I n j e c t i o n  Well) and o u t s i d e  (DW-1 and 
EM-1) the  burn-boundary. 
where(l0).  
l a r g e  changes fo l lowing  g a s i f i c a t i o n  have been p l o t t e d  a s  a func t ion  of d i s -  
tance from the  burn-boundary (Figure 4-7 ) .  This  method of d i sp l ay ing  the  d a t a  
impl ies  t h a t  the i n i t i a l  release of contaminants is independent of d i r e c t i o n  
( cy l ind r i ca l  symmetry). This  is no t  exac t ly  t rue ,  of  course,  bu t  t h e  r e s u l t s  
suggest t h a t  i t  is  a u s e f u l  s impl i f i ca t ion .  The assumption of c y l i n d r i c a l  
symmetry appears t o  be q u i t e  v a l i d  f o r  t he  w e l l s  i n  t he  c lose  proximity t o  t h e  
burn boundary (i .e. .  t h e  DW w e l l s ) ,  b u t  a t  l a r g e  r a d i a l  d i s t ances  ( t h e  outer -  
most EM we l l s )  t he  d a t a  sugges t  t h a t  t h e  contaminants move more e a s i l y  i n  t h e  
d i r e c t i o n  of h ighes t  pe rmeab i l i t y  (N59E, See Fig.  1) ( 4 ) .  

E l e c t r i c a l  Conduct iv i ty ,  Temperature and pH 

Complete d a t a  f o r  a l l  o t h e r  w e l l s  a r e  g iven  else- 
Data f o r  some of t h e  contaminants and c h a r a c t e r i s t i c s  showing 

An inc rease  i n  e l e c t r i c a l  conduct iv i ty  i s  a good measure of t h e  inc rease  
in i o n i c  species as a r e s u l t  o f  g a s i f i c a t i o n .  Our r e s u l t s  show approximately 
a 2-fold inc rease  i n  conduc t iv i ty  wi th in  10 f e e t  of t h e  burn boundary, w i th  a 
r ap id  drop o f f  t o  n e a r l y  b a s e l i n e  va lues  a t  a d i s t a n c e  of 100 f t  (F ig .  4). 
Also, there  is a con t inu ing  drop i n  conduc t iv i ty  between t h e  83 and 280-day 
sampling per iod .  
nan t  so rp t ion  by t h e  coa l .  I n s i d e  t h e  burn boundary, t h e  so lub le  c o a l  a sh  
spec ie s  produce a h igh ly  conductive s o l u t i o n  (3500 pmho/cm). 

As might be expec ted ,  t h e  t o t a l  d i sso lved  s o l i d s  (TDS, the  r e s idue  a t  
18OOC) fo l lows  c l o s e l y  the  changes observed i n  e l e c t r i c a l  conduct iv i ty .  
TDS l e v e l  decreases  from -2000 mg/l a t  10 f t  from t h e  burn boundary t o  -900 
mg/l a t  100 f t .  

A s  w i l l  be shown la ter ,  t h i s  may b e  an i n d i c a t i o n  of contami- 

The 

I n s i d e  the  g a s i f i e d  zone, TDS reaches  a va lue  nea r  3400 mg/l .  
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The measured temperature grad ien t  nea r  t h e  g a s i f i e r  was q u i t e  l a r g e  
3 days a f t e r  g a s i f i c a t i o n  (Fig.  4 ) .  Afte r  83 days,  t h e  system had evolved t o  
a r a the r  slowly vary ing  s ta te  w i t h  a much sma l l e r  temperature g rad ien t .  This 
approach t o  thermal equi l ibr ium i s  probably d r iven  by convection nea r  t h e  gas- 
i f i c a t i o n  s i te .  In a la ter  sec t ion ,  i t  i s  shown t h a t  t he  mixing caused by 
convection produces a r a t h e r  l a r g e  change i n  t h e  nea r -gas i f i e r  contaminant 
d i s t r i b u t i o n  immediately fo l lowing  g a s i f i c a t i o n .  

The pH of t h e  water remains near 7.0 a t  po in t s  sampled o u t s i d e  t h e  burn 
boundary. In s ide  the burn zone, the  d i s s o l u t i o n  of metal ox ides  remaining i n  
t h e  ash produces a high pH so lu t ion  (-10 - 10.5).  
very c lose  t o  t h a t  p red ic ted  by our  r ecen t  l abora to ry  ash-leaching experiments 
( see  next s e c t i o n  and r e f .  9 ) .  

The measured a l k a l i n i t y  of the  water a t  f i r s t  appears  t o  c o n t r a d i c t  t h e  
observed pH values:  i n s i d e  the  burn zone, the  a l k a l i n i t y  is lower (60 mg/l) 
than it i s  ou t s ide  the  burn zone (400-600 mg/l).  This  apparent con t r ad ic t ion  
r e s u l t s  from the  f a c t  t h a t  whereas pH is a measure of a s p e c i f i c  ion concen- 
t r a t i o n  (€?or OH-),  a l k a l i n i t y  is a measure of t h e  a b i l i t y  t o  n e u t r a l i z e  a c i d s ,  
and hence inc ludes  not on ly  OH- bu t  a l s o  such spec ie s  as HCO? and 1253. The 
a l k a l i n i t y  of water samples taken o u t s i d e  t h e  burn zone i s  almost t o t a l l y  due 
t o  the  presence of high concent r  t i o n s  of b icarbonate  ion. I n s i d e  the gas- 
i f i c a t i o n  zone, on ly  OH- and CO?' con t r ibu te  t o  t h e  a l k a l i n i t y  and, because 
they a r e  present  i n  much lower molar concent ra t ions ,  they produce a much lower 
a l k a l i n i t y  (Table 1).  

This  observed pH va lue  is 

Cation Spec ies  

The concent ra t ions  of many of t h e  c a t i o n  spec ie s  - p a r t i c u l a r l y  Mg+2, 
ca+2, Li+l,  NHX, and K+ - increased  as a r e s u l t  of t h e  g a s i f i c a t i o n  process .  
The metal  i o n s  presumably come from t h e  a sh  m a t e r i a l  remaining i n  t h e  burned- 
ou t  zone, whereas the  observed inc reases  i n  $ probably r e s u l t  from t h e  
evolu t ion  of NH3 dur ing  t h e  g a s i f i c a t i o n  process .  Ammonia i s  a commonly 
observed coa l  py ro lys i s  product.  

t i on  of d i s t ance  from the  g a s i f i c a t i o n  boundary f o r  d i f f e r e n t  sampling times 
following g a s i f i c a t i o n .  The f a c t  t h a t  log-log o r  semi-log s c a l e s  have been 
used i s  not  meant t o  imply a p a r t i c u l a r  r e l a t i o n s h i p  between concen t r a t ions  
and rad ius .  
l a rge  range of va lues  on a s i n g l e  p l o t .  

The convective mixing t h a t  occurs as water re -en ters  the  g a s i f i c a t i o n  
zone causes a r e d i s t r i b u t i o n  of so lub le  a sh  spec ie s  i n t o  the  sur rounding  c o a l  
seam. This accounts f o r  t he  observed inc reases  i n  metal ion  concent ra t ions  
which occur between the  3-day and 83-day pos t -gas i f i ca t ion  sampling per iods  
(Fig. 5). 

than i t  i s  ou t s ide .  This apparent  anomaly i s  as soc ia t ed  wi th  t h e  suppress ion  
of the Mg(OH)2 s o l u b i l i t y  due t o  the  h igh  pH i n s i d e  t h e  burn boundary. 
s o l u b i l i t y  product of Mg(0H)z is 1.2 X 10-11 moles 3/13 a t  18OC. 
Mg+2 concent ra t ion  of 18 mg/l, as measured i n s i d e  t h e  burn zone, (F ig .  5) can 
only e x i s t  i n  a s o l u t i o n  of pH 510.1, which i s  wi th in  experimental  e r r o r  of 
the  measured va lue  (10.3). The h igher  concen t r a t ions  of Mg+2 t h a t  occur  out- 
s i d e  the  burn boundary ev iden t ly  r e s u l t e d  from mixing a t  a t i m e  when t h e  pH 
w a s  s l i g h t l y  lower, s p e c i f i c a l l y  pH 5 10.  

(e.g. ,  B+3, Li') is q u i t e  similar t o  t h a t  shown here  f o r  Mg+2, Ca+z and K+. 
Furthermore, a l l  spec ie s  showed the  e f f e c t s  of t he  convective mixing t h a t  
occurred s h o r t l y  fo l lowing  g a s i f i c a t i o n .  

Figures 5 is  a p l o t  of Ca+2, Mg+2, K+ and NHt concen t r a t ions  a s  a func- 

These scales were chosen simply f o r  convenience i n  showing a 

The Mg+2 concen t r a t ion  i s  found t o  be lower i n s i d e  the  burn boundary 

The 
Hence, a 

The v a r i a t i o n  i n  concent ra t ion  wi th  d i s t a n c e  observed f o r  o t h e r  ca t ions  
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Other c a t i o n  spec ie s  t h a t  showed some measurable inc reases  i n  concentra- 
t i o n  as a r e s u l t  of g a s i f i c a t i o n  a r e  Al+3, A d 3  and Ba+2. 
on ly  a few c lose- in  w e l l s  showed inc reases  i n  these  spec ie s .  

t h e  burn zone. This  ag rees  wi th  l abora to ry  experiments,  which showed t h a t  
aluminum is ve ry  s t rong ly  adsorbed by coa l (3 ) .  Hence, any swept o u t  from 
t h e  burn zone i n t o  the  coa l  bed would be  expected t o  be  quick ly  adsorbed. 

and 2 f t  o u t s i d e  (DW-4, 2 1  mg/ l ) ;  a l l  o t h e r  w e l l s  remained a t  base l ine  levels. 

d i a t e l y  fo l lowing  g a s i f i c a t i o n  ( i . e . ,  dur ing  t h e  3-day pos t -gas i f i ca t ion  samp- 
l i n g ) .  It w a s  no t  de t ec t ed ,  however, dur ing  t h e  pos t -gas i f i ca t ion  sampling 83 
days l a t e r .  
c reased  a p p r o x i 2 b e l y  5 - 20 fo ld  and Ba+’ i s  probably p r e c i p i t a t e d  as Bas04 
(Ksp = 1.0 X 10  
no s i g n i f i c a n t  i nc rease  i n  heavy metals as a r e s u l t  of g a s i f i  a t ‘ o n .  In 
p a r t i c u l a r ,  no l a r g e  i n c r e a s e  i n  l ead  o r  mercury w a s  de tec tedSl0f .  

In gene ra l ,  however, 

Aluminum w a s  de t ec t ed  at above b a s e l i n e  l e v e l s  (220 p g / l )  9 i n s i d e  

Arsenic showed an inc rease  i n  concen t r a t ion  i n s i d e  the burn zone (8 mg/l) 

Barium was observed a t  above-baseline concent ra t ions  i n  w e l l  DW-4 imme- 

This is q u i t e  reasonable,  s i  ce the  SOZZconcentration had in- 

moles 2 / l i t e r 2  a t  18°C). Pos t -gas i f i ca t ion  ana lyses  showed 

Anion Species 

The anions inc luded  i n  the  ana lyses  are l i s t e d  i n  Table 1. Large in- 
creases i n  concen t r a t ion  were observed f o r  S0z2 and CN- (Fig.  6 ) .  
a l s o  increased  and i n  gene ra l  showed t h e  same behavior as SOJ2. 

i nc rease  i n  SO;’ concen t r a t ion  between 3 days and 83 days fo l lowing  gas i f i ca -  
t i o n  (Fig. 6 )  probably a l s o  r e s u l t s  from the  mixing induced by convection 
s h o r t l y  fo l lowing  t h e  process .  

i f i c a t i o n  (3  days).  However, by 83 days a f t e r  g a s i f i c a t i o n ,  t h e  concent ra t ion  
had dropped approximately t h r e e  o rde r s  of magnitude, reaching  background l e v e l s  
a t  100 f t  from the  burn  zone. Subsequent ana lyses  (182 and 280 days) have 
shown a cont inuing  drop i n  C N  concent ra t ion .  It i s  probable t h a t  CN- is be ing  
adsorbed by the  coa l .  Laboratory experiments are c u r r e n t l y  under way t o  examine 
t h e  magnitude of CN- s o r p t i o n  by coa l .  

Increased  concent ra t ions  of n i t r a t e s  and n i t r i t e s  were n o t  observed 
du r ing  the  pos t -gas i f i ca t ion  sampling. 

Bromide ion 

The observed The a sh  b d i s  t h e  major source  of increased  SO:’ and Br-.  

CN was observed i n  very  high concent ra t ions  immediately fo l lowing  gas- 

Phenols and o t h e r  Organic Mater ia l s  

The measured pos t -gas i f i ca t ion  d i s t r i b u t i o n  o f  phenol ic  materials is  
p l o t t e d  i n  F igure  7. The h ighes t  concen t r a t ion  observed w a s  450 mg/l, t h r e e  
days fo l lowing  g a s i f i c a t i o n  at  a d i s t a n c e  of 2 f t  from the  burn boundary (wel l  
DW-4). The concen t r a t ion  f a l l s  o f f  very  sha rp ly  wi th  r ad ius .  I n s i d e  the  burn 
zone, the phenol ic  concen t r a t ion  is only  0.041 mg/l (Table 1). 

g a s i f i c a t i o n  sampling pe r iods .  The concen t r a t ion  o f  phenols has  decreased  
approximately one o r d e r - o f  magnitude over  t h e  182 days s ince  g a s i f i c a t i o n .  
The drop i n  concen t r a t ion  of phenol ic  m a t e r i a l s  i s  probably t h e  r e s u l t  o f  
so rp t ion  by the  coa i (399) .  
same genera l  t rend  observed f o r  the phenol ic  mater ia l -  w e l l s  c l o s e  t o  t h e  
burn boundary had much h igher  DOC l e v e l s .  F rac t iona t ion  o f  the DOC i n t o  hydro- 
phobic and hydroph i l i c  groups of a c i d s ,  bases  and n e u t r a l s  i s  d iscussed  in more 
d e t a i l  i n  r e f s .  4 and 10. 

Many of t he  w a t e r  samples obta ined  a t  Hoe Creek were analyzed f o r  vola- 
t i l e  and semi-vola t i le  organics  using GCMS. Analysis f o r  v o l a t i l e  o rgan ic s  i n  
pos t -gas i f i ca t ion  w a t e r  samples shows an abundance of lower molecular weight 
polyaromatic and s u b s t i t u t e d  aromatic compounds. 

Also p l o t t e d  i n  F igure  7 ,  a r e  d a t a  from t h e  83, 1 8 2 ,  and 280-day post-  

The d isso lved  o rgan ic  carbon ana lyses  showed t h e  

A s  many as 200 d i f f e r e n t  
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Table 2 .  Comparison of l abora to ry  and f i e l d  measurements of va r ious  
contaminants o r i g i n a t i n g  from ash. 

F i e l d  measurements (83d) 
(sampling w e l l  Laboratory Leaching Expts 

570 645 630 411 

Na+ (wm) 320 207 196 193 

Characteristic i n  a sh  bed) l0OO0C ll0O0C 1200°c 

C a  (ppm) 
+2 

K+ (ppm) 57 9.7 8.9 7.7 

Fe+3 (ppm) .030 <. 5 - - 

fi+3 (ppm) .220 33 3.9 <. 50 

Mg” (a) (ppm) 19  .o (26.0) . (35) 62 

SO;’ (ppm) 2200 2193 2010 1667 

- - 0 a . 0  
+2 

Ba (ppm) 

PH 10-10.5 10-11 10.5 7.5-8.0 

Conductivity 
(umholcm) 3500 3450 3100 2850 

aSee d iscuss ion  in t e x t  concerning Mg” s o l u b i l i t y  a t  high pH. 

spec ies  (not  de t ec t ed  i n  the  p re -gas i f i ca t ion  samples) have been q u a n t i t a t i v e l y  
i d e n t i f i e d  in  the  water w e l l s  c lo se  t o  t h e  g a s i f i c a t i o n  zone. 

A comparison of the  v o l a t i l e  spec ie s  i n  t h e  product  tar wi th  those  found 
in t he  water show some similarities. These s i m i l a r i t i e s  a r e  b e s t  demonstrated 
when the  chromatograms of two water samples- one approximately 45 f e e t  from 
the  burn, and another  5 f e e t  from t h e  burn - are compared wi th  a chromatogram 
of the  product tar. The r e s u l t s  show t h e  marked decrease  i n  h igh-boi l ing ,  
high-molecular-weight material a t  po in t s  f u r t h e r  from t h e  g a s i f i c a t i o n  zone. 
In p a r t i c u l a r ,  the  concent ra t ion  of xy lenes ,  o t h e r  s u b s t i t u t e d  benzenes,  indenes 
indans,  and naptha lenes  is observed t o  decrease  s i g n i f i c a n t l y  a t  t h e  g r e a t e r  
d i s t ance  from the  g a s i f i c a t i o n  zone. The r eade r  i s  r e f e r e d  t o  r e f e r e n c e s  4 ,  
8 and 10 f o r  more d e t a i l s  on the  GCMS a n a l y s i s  of  t hese  w a t e r  samples. 

B. Laboratory Ash Leaching and Phenol Transpor t  Experiments 

Details of a series of experiments dea l ing  wi th  coa l  ash  l each ing  and 
t r anspor t  of p o l l u t a n t s  near an i n - s i t u  g a s i f i e r  a r e  given i n  Ref. 9 .  In 
t h i s  paper we summarize some of t h e  important r e s u l t s  of t h a t  work which 
relate to the  above f i e l d  measurements. 

Ash Leaching 

Subbutuminous c o a l  ash samples hea t  t r e a t e d  t o  1000, 1100 and 1200’C were 

The l abora to ry  r e s u l t s  a;e compared wi th  t h e  c a t i o n  and 
water leached and the  l eacha te  analyzed f o r  Ca+2 a+?-, fl, Na+ and OH-. 
anion concent ra t ion  da ta  from the f i e l d  measurements i n  Table 2 .  Except f o r  
K+ and Al+3 t h e  agreement between t h e  l abora to ry  and f i e l d  d a t a  is exce l l en t .  
This good c o r r e l a t i o n  sugges ts  t h a t  plume d i spe r s ion  ca l cu la t ions (3 )  c a r r i e d  
ou t  using l abora to ry  leaching  da ta  f o r  i npu t  may be a b l e  t o  accu ra t e ly  p red ic t  

SO;’, Fe+3, Ba+*, 

101 



po l lu t an t  t r a n s p o r t  from an underground g a s i f i c a t i o n  site. Curren t ly  experi-  
ments are i n  progress  t o  genera te  f u r t h e r  l abora to ry  d a t a  t h a t  can be  used i n  
modeling p o s t - g a s i f i c a t i o n  plume development. 

Phenol Transpor t  Through Coal 

Phenolic materials a r e  one of t h e  major o rgan ic  p o l l u t a n t s  a s soc ia t ed  
wi th  i n - s i t u  coa l  g a s i f i c a t i o n .  
measured i n  the  groundwater (Fig.  7) .  Transport  of t hese  material away from 
t h e  g a s i f i c a t i o n  s i t e  pose a p o t e n t i a l  long t e r m  p o l l u t i o n  hazard  (Fig.  2 ) .  

column of subituminous c o a l  and measured t h e  abso rp t ion  of t h e  material on  the  
c o a l  mat r ix  (Fig.  8 ) .  The flow r a t e  w a s  101 m/yr and the  d i s t r i b u t i o n  coe f f i -  
c i e n t  (Q) was c a l c u l a t e d  t o . b e  approximately 40. This  very s t r o n g  adsorp t ion  
of phenol on  coa l  is i n  agreement wi th  s ta t ic  experiments (h = 30-40) and wi th  
f i e l d  observa t ions  (See Fig.  7) .  It w a s  a l s o  found t h a t  the  movement of t h e  
phenol ic  s o l u t i o n  through the  coa l  column is accura t e ly  p red ic t ed  us ing  a one- 
dimensional t r anspor t  model. Resul t s  from these  and o the r  t r a n s p o r t  exper i -  
ments are given i n  r e f .  9. 
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Fig. 5. Concentration of Ca+** Mg+*, NH,' and K' 
as a function of distance from the gasification 
burn boundary. The arrows near the ordinate 
represent values inside the burn boundary. 
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Fig. 6. Cyanide and sulfate concentration as a 
function of distance from the gasification 
burn boundary. The arrows near the ordinate 
represent values inside the burn boundary. ' 
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Fig. 8. Phenol breakthrough curves calculated (-1 
and measured at various distances (shown on 
figure) along a 1.5 rn packed column of sub- 
bituminous coal. The coal column i s  shown in 
Fig. 3. The concentration of the phenol solution 
was 600 ppm; the solution was pumped through 
the column at a linear velocity of 101 m/yr. 
The average particle size of the coal was 0.71 cm. 
Further details are given in the text and in ref 9. 



Sampling, Analysis and Characterization of Effluents from the 
Grand Forks Energy Research Center's Slagging Fixed-Bed Gasifier 

Leland E .  Paulson, Harold H.  Schobert, and Robert C. Ellman 

Grand Forks Energy Research Center 
Grand Forks, North Dakota 58202 

INTRODUCTION 

The Grand Forks Energy Research Center i s  operating a slagging fixed-bed coal 

Operation was resumed in April 1976 with the major 

gasification pilot plant. 
t o  establish operability of the slagging method of ash discharge and t o  evaluate 
process parameters (1, 2 ) .  
objectives being to  study the effluents produced in gasification. 
methods currently used a t  GFERC t o  sample and analyze effluents are presented and  
results are related t o  gasifier operation. 

The pilot plant was previously operated from 1958 t o  1965 

In th i s  report, 

GFERC GASIFIER 

A flowsheet of the GFERC pi lot  plant i s  given in Figure 1 .  Recent publications 
A brief sumnary (3-6) have discussed the tes t  equipment and procedures in detail.  

will be provided here. 

The tes t  coal i s  introduced into the gasifier through a lock hopper. 
coal descends through the shaft, i t  i s  heated by the countercurrent flow of h o t  
gases coming from the reaction zone. 
occur in distinct zones in the coal bed (7) .  The coal i s  reacted with a steam- 
oxygen mixture which i s  injected into the hearth. Gasification occurs a t  tempera- 
tures of 2800-3100" F,  completely consuming the coal and leaving only slag. 
molten slag drains continuously into a water quench ba th .  The gas enters a 
recycled liquor spray washer where water vapor, tars ,  o i l s ,  and dust are removed. 
The accumulating liquids are periodically drained into an  atmospheric holding tank. 
The gas i s  further cooled, sampled, depressurized, demisted, metered, and flared. 
A typical gas composition i s  58% CO, 29% H2, 5% C H 4 ,  and 7% C02, with small amounts 
of Cz-Cq hydrocarbons. 

As the 

Drying, devolatilization, and gasification 

The  

COAL TESTED 

All tes ts  described in this  report were performed with Indian Head l igni te  
obtained from the North American Coal Company mine in Mercer County, NO. 
moisture content of the coal as mined ranged from 35 t o  37%. 
during handling and storage, the moisture content of the coal tested ranged from 
23 to 30%. 
observed analyses. 

The 
Due to moisture loss 

Table 1 shows a typical analysis for as-gasified coal and the range of 

SAMPLING METHODS 

Collecting representative and reproducible samples of effluents produced by the 
gasifier presents special problems because the system i s  under pressure and the 
streams t h a t  are sampled contain a multiphase combination of gas, water and organic 
vapors and/or aerosols, and entrained fuel particles. 
methods and procedures are being developed to  address these problems. 
include; collecting a composite of the total liquor generated during a run, 
periodically collecting samples of recycle liquor circulated th rough  the spray 
washer system, and by using sampling trains attached t o  product  gas stream. 
Figure 1 shows the location of the sampling points. 

A t  GFERC several sampling 
These 
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Composite samples o f  t a r  and water  produced d u r i n g  t h e  e n t i r e  t e s t  a r e  c o l l e c t e d  
f rom t h e  l i q u o r  accumulated i n  t h e  ho ld ing  tank a f t e r  phase separa t i on  and weighing. 
Component concen t ra t i ons  and q u a n t i t i e s  o f  water c o l l e c t e d  a r e  co r rec ted  f o r  system 
s t a r t - u p  water. 

The recyc led  condensate l i q u o r  i s  sampled a t  each coa l  charge which rep resen ts  
a t imed  data pe r iod .  
generated a r e  determined by d i f f e r e n c e s  i n  l i q u i d  a n a l y s i s  and i n v e n t o r y  between 
samplings. 

ope ra te  s l i g h t l y  above atmospheric pressure and remove condensib les from a s ide  
stream o f  raw gas produced by t h e  g a s i f i e r .  
exchanger. 
c o o l  t he  gas p r o g r e s s i v e l y  t o  32" F and condense and c o l l e c t  water and l i g h t  o i l .  
Gas f l o w  r a t e  t o  t h e  sampler i s  l e s s  than 1 p c t  o f  t h e  t o t a l  gas produced. The 
f i r s t  stage o f  sampler I1  i s  a cyc lone which removes t a r .  I n  Stage 2 and 3 wa te r  
and o i l  a re  removed by h e a t  exchange which coo ls  t h e  gas t o  40" F.  Th is  sampling 
system w i l l  be f u l l y  desc r ibed  i n  a separate p u b l i c a t i o n  i n  t h e  near f u t u r e .  
Sampler I11 c o n s i s t s  o f  f o u r  s t e e l  impingers i n  s e r i e s  immersed i n  an i c e  bath. 
f o u r t h  system us ing  o n - l i n e  gas chromatographs t o  measure mass r a t e s  o f  water  and 
t a r  i n  product  gas i s  under development, and w i l l  a l s o  be descr ibed i n  a separate 
pu b l  i c a  t i on. 

The mass p roduc t i on  r a t e  and concen t ra t i on  o f  each component 

Schematics o f  t h r e e  sampling t r a i n s  a r e  shown i n  F igu re  2. Each o f  these u n i t s  

Sampler I i s  a f o u r  staged heat  
Ta r  i s  c o l l e c t e d  i n  Stage 1 (mainta ined a t  212" F), Stages 2, 3, and 4 

A 

ANALYTICAL METHODS 

The d i s s o l v e d  s o l i d s ,  s p e c i f i c  g r a v i t y ,  pH, a l k a l i n i t y ,  ammonia, and s u l f i d e  
con ten t  a re  determined by wet chemical methods descr ibed i n  t h e  l i t e r a t u r e  (8).  
I ns t rumen ta t i on  i nc ludes  a Hach model 16500 r e a c t o r  f o r  chemical oxygen demand 
(COO), a Beckman model 915A t o t a l  o rgan ic  carbon (TOC) ana lyze r ,  and a Leco model 
532 t o t a l  s u l f u r  ana lyze r .  
spectrometer (MS). 

p rese rva t i on ,  and a n a l y t i c a l  methods f o r  l i q u o r  samples, i t  appears t h a t ,  a t  l e a s t  
t o  an extent ,  t he  e f f l u e n t  generated by each g a s i f i e r  i s  unique, r e q u i r i n g  s l i g h t  
m o d i f i c a t i o n s  t o  e x i s t i n g  a n a l y t i c a l  procedures. For example, exper ience a t  GFERC 
has shown t h a t  wet chemis t r y  procedures f o r  s u l f i d e  and cyanide as r e p o r t e d  i n  t h e  
1 i t e r a t u r e  have n o t  g i v e n  s a t i s f a c t o r y  p rec i s ion .  The m o d i f i e d  a n a l y t i c a l  
procedures developed a t  GFERC w i l l  be d e t a i l e d  i n  f u t u r e  p u b l i c a t i o n s .  A 
coopera t i ve  program w i t h  Carnegie Mel lon U n i v e r s i t y  i s  i n  progress i n  which t h e  
accuracy and p r e c i s i o n  o f  most o f  t h e  procedures used a t  GFERC w i l l  be s tud ied.  

The r e p r o d u c i b i l i t y  o f  t h e  procedures f o r  ana lyz ing  t a r - f r e e  l i q u o r  i s  shown 
i n  Table 2. Each t e s t  i s  r u n  on a l i q u o t s ,  t r e a t e d  i d e n t i c a l l y  be fo re  a n a l y s i s .  
Table 2 shows the r e p l i c a t e  va lues,  t he  average, s tandard d e v i a t i o n ,  and c o e f f i c i e n t  
o f  v a r i a t i o n  (9) .  C o e f f i c i e n t  o f  v a r i a t i o n  i s  10% o r  l ess ,  i n d i c a t i v e  o f  good 
r e p r o d u c i b i l i t y ,  f o r  a l l  t e s t s  except  COD, f o r  which t h e  va lue i s  13.6%. The 
r e p r o d u c i b i l i t y  o f  MS a n a l y s i s  f o r  t a r  has been r e p o r t e d  p r e v i o u s l y  (6 ) .  

Organic species a re  i d e n t i f i e d  u s i n g  a DuPont 4918 mass 

Although a l a r g e  body o f  l i t e r a t u r e  e x i s t s  rega rd ing  t h e  p repara t i on ,  

EFFLUENT PRODUCTION 

The mass r a t e s  o f  water, t a r ,  ammonia, and TOC produced d u r i n g  seven g a s i f i -  
c a t i o n  runs a r e  shown i n  Table 3. These runs rep resen t  a range o f  o p e r a t i n g  
pressures f rom 100 t o  400 p s i ,  oxygen r a t e s  o f  4000 and 6000 sc fh ,  and coa l  
mo is tu re  contents  from 22 t o  30%. The oxygen/steam mo la r  r a t i o  was 1.0. Mass 
r a t e s  were separa te l y  c a l c u l a t e d  f rom da ta  f rom t h e  composite samples, r e c y c l e  
l i q u o r  samples, and s i d e  stream samplers I and 11. For each r u n  t h e  composite 
c o n s i s t s  o f  a s i n g l e  sample rep resen t ing  t h e  e n t i r e  run. Depending on r u n  
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organic material, while the remaining fraction consisted of heavier organic 
components. 
material of mass greater than xylenol will be removed. 

Tar Composition , 

the analysis of tars from side stream samplers I ,  11, and I11 and from the composite. 
Results indicate that the MS analysis o f  the tars collected in the various samplers 
was similar and that the composition of tar does not greatly change during the run. 
Additional analytical data of the tars can be found in reference (6). 

If a sample is filtered with a .45 micron millipore filter, most o f  the 

The MS analysis of tar from RA-21 is shown in Table 6. Shown in the table is 

FUTURE PLANS 

The pilot plant facilities are being upgraded with the objective of achieving 
5 day continuous operation and the capability of gasifying caking bituminous coal. 
If a higher gas offtake temperature occurs in bituminous coal gasification as 
expected, revision of sampling methods will be required. 

The use of dedicated samplers to collect a specific effluent constituent will 
provide improved characterization. 
sampling system incorporating filter and impinger trains will allow collection and 
characterization o f  the dust in the gas stream. 
containing an appropriate acidic collector and a preservative will be used for 
sampling ammonia. 

liquor, and tar is an area in which future work is planned. 
consist of metallic elements such as mercury, arsenic, and antimony; sulfur compounds 
such as carbonyl sulfide, carbon disulfide, and mercaptans; and non-metallics such 
as selenium, chlorine, fluorine, and phosphorous. 
developed, it will become possible to calculate material balances for the various 
trace elements and to determine the fate of those compounds in the gasification 
process. 

Proper design of downstream gas-liquor-tar separation and treatment systems 
will require knowledge of the physical properties of the effluent streams as well as 
their chemical composition. Thus determination of viscosity, density, and other 
scalable physical properties represents another area in which work is needed. 

For example, future installation of an isokinetic 

Similarly an impinger train 

The development of methods for measuring trace element constituents in gas, 
The trace constituents 

As sample preparation methods are 
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dura t i on ,  t h e  r e c y c l e  l i q u o r  da ta  i s  de r i ved  f rom up t o  seven data per iods,  each 
rep resen t ing  t h e  t ime  i n t e r v a l  between coal  charges. The da ta  from each s i d e  
stream sampler represents  up t o  t h r e e  samples, each c o l l e c t e d  over  t h r e e  data per iods.  

i n  du ra t i on  o f  g a s i f i e r  o p e r a t i n g  t ime, and d i f f i c u l t i e s  i n  account ing f o r  system 
water  i nven to ry  du r ing  t h e  t e s t  pe r iod .  

The r e s u l t s  a re  i n f l u e n c e d  by i naccu rac ies  o f  a n a l y t i c a l  procedures, l i m i t a t i o n s  

A comparison o f  mass r a t e s  c a l c u l a t e d  f o r  a g i ven  r u n  f rom da ta  f o r  t h e  
composite, recyc le,  and s i d e  stream samples g e n e r a l l y  shows cons is tency  between 
t h e  sampling methods. F o r  example, f o r  run  RA-12 t h e  mass r a t e s  i n  l b s / t o n  maf 
coal  g a s i f i e d  range f rom 988 t o  1059 f o r  water, 6.9 t o  7.1 f o r  ammonia, 9.4 t o  
10.4 f o r  TOC, and 70 t o  80 f o r  t a r .  

RA-11 and -12, both r u n  a t  200 p s i ,  and by comparing RA-14 and -16, bo th  r u n  a t  400 
p s i .  A l l  of these t e s t s  were r u n  on l i g n i t e  w i t h  mo is tu re  t h a t  ranged from 24 t o  
26% and a t  an oxygen r a t e  o f  4000 scfh.  The pounds o f  ammonia produced per t o n  maf 
coa l  ranged f rom 6.1 t o  7.6 i n  RA-11 and from 6.9 t o  7.7 i n  RA-12. The pounds o f  
t a r  produced p e r  ton  maf coal was 70.6 f o r  RA-11 and ranged f rom 69.6 t o  79.4 f o r  

Rep l i ca t i on  between t e s t s  r u n  a t  t h e  same c o n d i t i o n s  i s  shown by comparing 

RA-12. 

Side stream sampler I1 was f i r s t  t e s t e d  i n  RA-16. Resul ts  ob ta ined  us ing t h i s  
system i n  RA-16, -17, and -21 ( a l l  a t  400 l b s  pressure)  a r e  c o n s i s t e n t .  
-21 were performed a t  an oxygen r a t e  o f  4000 s c f h  on coal  o f  23.9 and 30.5 p c t  
mo is tu re  r e s p e c t i v e l y  w h i l e  RA-17 was r u n  a t  an oxygen r a t e  o f  6000 s c f h  and a coa l  
mo is tu re  o f  22.8 pc t .  Water p roduc t i on  r a t e  i n  l b s / t o n  maf coa l  was 831 and 844 
f o r  t e s t s  RA-16 and -17, and 913 f o r  t he  h ighe r  mo is tu re  coal  g a s i f i e d  i n  RA-21. 
Ammonia p roduc t i on  r a t e  i n  l b s / t o n  maf coa l  was 9.8 f o r  RA-16, 8.2 f o r  RA-21, and 
9.7 f o r  RA-17. D isso lved  organics (TOC) p roduc t i on  r a t e  i n  l b s / t o n  maf coal  was 
8.2, 9.0, and 7.5 f o r  t h e  th ree  t e s t s  and t a r  p roduc t i on  on t h e  same bas is  was 58.1, 
52.0, and 55, r e s p e c t i v e l y .  

RA-16 and 

EFFLUENT COMPOSITION 

The composit ion o f  t h e  e f f l u e n t  generated i n  t h e  seven g a s i f i e r  runs p r e v i o u s l y  
descr ibed i s  shown i n  Tab le  4. 
co r rec ted  f o r  water  i n t roduced  i n  s t a r t  up and shutdown. 

27 t o  50 p c t  o f  t h e  n i t r o g e n  from t h e  coal  i s  p resen t  i n  the  e f f l u e n t .  
i n  t h e  e f f l u e n t s  i nc ludes  carbon p a r t i c l e s ,  d i s s o l v e d  o rgan ics  and t a r .  
n i t r o g e n  i n  t h e  e f f l u e n t  i n c l u d e s  ammonia i n  t h e  l i q u o r  and n i t r o g e n  i n  the  t a r .  

i n  t h e  e f f l u e n t  i s  shown i n  F igu re  3. 
-14, -16, and -18 us ing  t h e  f o u r  sampling methods p r e v i o u s l y  descr ibed.  
i n d i c a t e  t h a t  t h e  ammonia concen t ra t i on  i n  t h e  l i q u o r  increases w i t h  pressure.  
There appears t o  be no s i m i l a r  r e l a t i o n s h i p  between g a s i f i e r  ope ra t i ng  pressure and 
d i sso l ved  o rgan ic  c o n c e n t r a t i o n  i n  t h e  l i q u o r .  

The aqueous f r a c t i o n  o f  gas l i q u o r  con ta ins  a v a r i e t y  o f  water  s o l u b l e  and 
semi-soluble organics.  Table 5 shows an MS a n a l y s i s  o f  t h e  o rgan ic  m a t e r i a l  i n  t h i s  
f r a c t i o n  from t h e  composite sample o f  RA-14. Th is  sample was c l e a n l y  skimmed o f  a l l  
apparent t a r ,  b u t  was n o t  f i l t e r e d .  This sample would be expected t o  be t y p i c a l  o f  
t h e  l i q u o r  i n  a waste w a t e r  t rea tmen t  p l a n t  be fo re  phenol e x t r a c t i o n .  The pheno l i c  
grouping (phenol, c reso l  and x y l e n o l )  accounted f o r  approx imate ly  80 p c t  o f  t h e  

Resul ts  a r e  based on composite samples and a r e  

O f  spec ia l  i n t e r e s t  i s  t h e  f a c t  t h a t  approx imate ly  3 t o  6 p c t  o f  t h e  carbon and 
The carbon 

The 

The r e l a t i o n s h i p  between g a s i f i e r  o p e r a t i n g  pressure and ammonia concen t ra t i on  
The r e s u l t s  were based on runs RA-11, -12, 

Resul ts  

I 

I 
I' 

1 
I 
1 
1 
1 
8 

m 
1 
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INTRODUCTION 

The tox ic  and carcinogenic p o t e n t i a l s  of various coa l  conversion products and 
by-products have led t o  de t a i l ed  s tud ie s  of e f f luen t s  including t r a c e  contaminants 
produced by coa l  g a s i f i e r s .  A wide va r i e ty  of coa l  gas i f i ca t ion  schemes have been 
proposed, and many a r e  present ly  under development t o  meet t h e  immediate and f u t u r e  
demands fo r  c lean gaseous f u e l s .  

High temperature entrained flow coa l  g a s i f i e r s  have a well-known advantage 
over lower temperature fixed-bed or st i r red-bed g a s i f i e r s .  This advantage i s  t h e  
marked reduction i n  t a r s ,  phenols, and o the r  condensible hydrocarbons a s  g a s i f i e r  
by-products. For example, t he  Lurgi fixed-bed g a s i f i e r s  produce from 50-100 pounds 
of t a r ,  30-70 pounds of t a r  o i l  and naptha, and 8-12 pounds of phenols pe r  t on  o f  
coa l  (1,2).  Similar by-product compounds and y i e l d s  have been reported f o r  a f lu id -  
ized bed g a s i f i e r  operated by t h e  Pi t tsburgh Energy Research Center ( 3 ) .  
o the r  hand, t h e  Koppers-Totzek and Texaco High temperature entrained flow g a s i f i e r s  
a r e  claimed t o  produce neg l ig ib l e  amounts of t a r s  o r  o i l s  a s  by-products. 
and water pu r i f i ca t ion  equipment i s ,  t he re fo re ,  l e s s  complicated and l e s s  expensive 
than t h a t  required f o r  t h e  Lurgi process.  
temperature entrained flow g a s i f i e r s  would a l s o  have t h i s  advantage. 

O n  t h e  

The gas 

I t  was an t i c ipa t ed  t h a t  advanced high 

The experimental g a s i f i e r  s tudied i n  t h i s  r e p o r t  is a pressurized,  entrained-  
flow g a s i f i e r  t h a t  has a capaci ty  of 100 pounds of coa l  per hour. This g a s i f i e r  has 
a downflow configuration with some s i m i l a r i t y  t o  an entrained flow g a s i f i e r  operated 
by the  Bureau of Mines during t h e  period 1952-1962. 
t h e  Texaco.entrained flow g a s i f i e r  configuration. 
pounds of coa l  per hour per cubic  foo t  of g a s i f i e r  volume have been demonstrated 
with cold gas conversion e f f i c i e n c i e s  i n  excess of 75 percent.  

I t  a l s o  has some s i m i l a r i t y  t o  
Throughput r a t e s  of over  1,000 

A diagram of t h e  laboratory g a s i f i e r  and the  necessary coal feeding,  gas cool- 
i ng  and cleaning, and ash handling equipment is presented i n  Figure 1. 
ment i s  noted i n  t h i s  Figure. 

Major equip- 

Pulverized coa l  is fed t o  t h e  g a s i f i e r  from a pressurized feed hopper en t r a ined  
i n  a stream of a i r  or recycled product gas. 
with a mixture of superheated steam and oxygen. 
pressures  of 50 t o  300 psig and g a s i f i e r  o u t l e t  temperatures 23D0-28OO0F. 
times f o r  gas i f i ca t ion  r eac t ions  a r e  of t h e  order of 0 . 1  second. 

The coa l  i s  r ap id ly  mixed and r eac t ed  
The r eac t ion  is c a r r i e d  ou t  a t  

Residence 

The g a s i f i e r  products pass downward i n t o  a quench sec t ion  where they  a r e  par- 
t i a l l y  cooled by mixing with a feed stream of water and/or s a tu ra t ed  steam or  simply 
by hea t  t r ans fe r  t o  monotube bo i l e r  c o i l s  which form t h e  wal ls  of t h i s  s ec t ion .  
f i c i e n t  cooling occurs i n  t h i s  sect ion t o  s o l i d i f y  t h e  molten ash d rop le t s .  

Suf- 
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The products then pass i n t o  a s l a g  removal sec t ion  where the  s l ag  drople t s  and 
l a r g e r  fly-ash p a r t i c l e s  a r e  separated by gravi ty ,  dropping i n t o  t h e  lower sec t ion  
of t h i s  vesse l  t h a t  i s  p a r t i a l l y  f i l l e d  with water. The s l ag  i s  pe r iod ica l ly  d is -  
charged through a lock hopper and t ranspor ted  t o  a s e t t l i n g  pond. 
products then pass through a hea t  exchanger and i n t o  a scrubber column. 

The g a s i f i c a t i o n  

Cleaning of soot  and fly-ash p a r t i c l e s  from the  gas is accomplished i n  the  water 
scrubber column. Unreacted steam is a l s o  condensed i n  t h i s  column. A recyc le  water 
stream is pumped through a hea t  exchanger t o  remove the  hea t  of condensation, and a 
feed stream of cooled water is introduced a t  t h e  top  of  t h i s  column t o  provide f i n a l  
cooling and washing, and t o  suppress foaming. Approximately s i x  pounds of cooled 
water i s  required pe r  pound of  coa l  fed. 

The overflow from t h e  scrubber passes through a f a b r i c  f i l t e r  t o  remove the 
s o l i d s  and the  f i l t e r e d  l i quor  is discharged through a pressure  reduction valve i n t o  
a f l a s h  tank where d isso lved  gases a r e  re leased  and separated from t h e  water. 

In t h i s  s tudy, a d e t a i l e d  charac te r iza t ion  of po l lu t an t s  assoc ia ted  with the 
previously described g a s i f i e r  has been performed. 

EXPERIMENTAL 

Samples were taken from t h e  cooled and water-scrubbed product gas stream, t h e  
scrubber e f f luen t  water ,  t he  gas evolved on depressur iza t ion  of  t h e  scrubber water ,  
and t h e  p a r t i c u l a t e  mat te r  f i l t e r e d  from t h e  scrubber water during gas i f i ca t ion  o f  
a h igh-vola t i le ,  non-caking, Utah bituminous coa l .  Four process parameters were 
var ied ;  coal feed r a t e ,  r e a c t o r  pressure ,  oxygen t o  coa l  r a t i o ,  and steam t o  coal 
r a t i o .  
techniques of gas chromatographic mass spectrometry, proton-induced x-ray e m i s s i o n  
spectroscopy, thermometric t i t r i m e t r y ,  ion chromatography, and atomic absorption 
spectroscopy. The scrubber water ana lys i s  scheme is shown i n  Figure 2. 

RESULTS AND DISCUSSION 

The compositions of these  samples were determined using t h e  a n a l y t i c a l  

The g a s i f i e r  test mat r ix  i s  given i n  Table 1. 
each s e t  of conditions,  and only one condition was varied i n  consecutive runs.  
cons t i tuents  found i n  t h e  product gas,  f i l t e r e d  scrubber water,  organic ex t r ac t  o f  

Individual runs were made under 
The 

Table 1. GASIFIER TEST MATRIX 

Coal Feed Rate Reactor Oxygen t o  Steam t o  Run 
Number ( l b s .  coa l /h r . )  Pressure (PSIA) Coal Ratio Coal Ratio 

40 
40 
40 
40 
40 
40 
40 
20 
60 

150 
150 
150 
150 
150 
300 
75 
150 
150 

0.9 
0.9 
0.9 
0.8 
1.0 
0.9 
0.9 
0.9 
0.9 

p a r t i c u l a t e  mat te r ,  and gas obtained during depressur iza t ion  of 
a r e  given i n  Tables 2 through 5. The va r i a t ion  from run t o  run 
s ign i f i can t  and, t he re fo re ,  t h e  values repor ted  a r e  averages of 
da t a  emphasize the  low l e v e l s  of contamination produced by t h i s  

0.1 
0.3 
0.5 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

t h e  scrubber watep 
was found t o  be in- 
a l l  runs.  These 
p a r t i c u l a r  g a s i f i e r .  

The comparison between t h e  scruE6er Pra te r  and tb uncontaminated water Eiefwe e n t r y  
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into the zcrder tank sable 31 demonstrates the cleanliness of the gasifier opera- 
tion. 
of phthalates in the scrubber water is due to a ramming mix used in the reactor. 

Even the organic compound levels are extremely low (Table 4). The presence 

Table 2. PRODUCT GAS COMPOSITION 

Speciesa Average Volume Percent Analytical Technique Usedb 

42.4 
31.2 
12.3 
6.3 
7.2 

GC 
GC 
GC 
GC 
GC 

Average Concentration tppd  
H S  590 DT 
H?N 1.7 DT 

aS02, COS, NH3, CS2 and hydrocarbon gases were not detected. 

bGC = Gas Chromatography, DT = Drager Tube 

Table 3. ANALYSIS OF FILTERED SCRUBBER WATER 

Average Concentration (ppm) Analyticala 
Before Scrubber After Scrubber Technique Used Species 

Elemental 
S 
c1 
K 
Ca 
Fe 
cu 
Zn 
Sr 

Inorganic 
F- 
c1- 
N02- 
SO3- 
NO3- 

HC03- 
so;- 

10.0 
19.2 
0.5 
28.7 
0.3 
0.2 
0.3 
0.0 

0.1 
11.7 
0.1 
8.4 
1.9 

41.4 
219.0 

17.8 
18.4 
1.4 
75.4 
11.6 
0.2 
1.2 
1.0 

1.4 
13.7 
0.3 
3.9 
2.5 
43.4 
390.1 

Organic 
Tributylphosphate 0.0 2.7 10-3 
Dibutylphthalate 0.0 2.8 10-3 

aPIXE = Proton-Induced X-Ray Emission Spectroscopy 
IC = Ion Chromatography 
TT = Thermometric Titrimetry 
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PIXE 
PIXE 
PIXE 
PIXE 
PIXE 
PIXE 
PIXE 
PIXE 

IC 
IC 
IT 
IC 
IC 
IC 
TT 

GC 
GC 



Talile 4. GAS CHROMATOGRAPHIC ANALYSIS OF ORGANIC EXTRACT 
OF PARTICULATE MATTER FROM SCRUBBER WATER 

Compounda 

Naphthalene 
1-Methylnaphthalene 
2-Methylnaphthalene 
Biphenyl 
Acenaphthylene 
Acenaphthene 
Methylacenaphthylene 
Phenanthrene 
Fluoranthene 
Pyrene 
d ibu ty lph tha la t e  
diamylphthalate 

Average Concentrationb 
(expressed a s  ppb i n  scrubber water) 

25.0 
1 . 4  
1 . 3  
1 . 2  
5.8 
5.3 
3.1 
3.7 
2.9 
3.3 
6.1 
7.0 

aA number o f  a d d i t i o n a l  un iden t i f i ed  compounds were present  i n  concentra- 

b A l l  quan t i t a t ion  o f  organic  compounds was done with respect  t o  a 

t i ons  l e s s  than 0.5 ppb 

naphthalene s tandard 

Table 5. ANALYSIS OF GAS OBTAINED DURING DEPRESSURIZATION 
OF SCRUBBER WATER 

Speciesa Average Concentration Analyt ical  
(expressed as ppm i n  scrubber water) Technique Usedb 

87.7 
2.3 

160.1 
80.5 

8.5 
1.6 
0.02 
1.7 

GC 
GC 
GC 
GC 
GC 
DT 
DT 
DT 

aCOS, CS2, NH3 and hydrocarbon gases were not  detected 

bGC = Gas Chromatography, DT = Drsger Tube 
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I. Bleed to alrnospherlc prsasure. 

2. Collect poa samples in lock syringes. 

3. Filter through glass-fiber filter. 
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THERMOMETRIC 
TITRIMETRY 

GAS CHROMATOGRAPHIC 
MASS SPECTROSCOPY 

GAS CHROMATOGRAPHIC 
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Qi'gure 2. Scru66er water analysis flow diagram 
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In t roduc t i on  

Various economic and environmental cons t ra in t s  have thus fa r  i n h i b i t e d  develop- 
ment o f  o i l  shale resources by  su r face - re to r t i ng  technologies.  
overcome these cons t ra in t s ,  recen t  a t t e n t i o n  has focused on i n  s i t u  methods o f  
r e t o r t i n g  o i l  shale. 

I n  c e r t a i n  geographical areas, o i l  shale occurs as a continuous, r e l a t i v e l y  
impermeable l a y e r  s i t u a t e d  between two groundwater aqu i fe rs .  An example of t h i s  
s j t u a t i o n  i s  t he  Piceance Basin i n  Colorado where a r i c h  l a y e r  o f  o i l  shale known 
as the  Mahogany Zone p e r s i s t s  throughout most o f  t h e  basin. I n  areas such as t h e  
Piceance Basin, a major environmental hazard associated w i t h  i n  s i t u  development 
i s  t h a t  i t  may p o t e n t i a l l y  contaminate groundwater f rom adjacent  aqu i fe rs .  Th i s  
p o t e n t i a l  contaminat ion may evolve as a consequence o f  var ious  organic  and ino rgan ic  
species being leached from the  spent sha le  by groundwater m ig ra t i on  i n t o  an abandoned 
underground r e t o r t  (1),(2). Dur ing r e t o r t i n g ,  o i l  shale i s  transformed from a r e l a -  
t i v e l y  i n e r t  substance i n t o  an uns tab le  ma te r ia l  con ta in ing  var ious  water  s o l u b l e  
o rgan ic  and inorgan ic  components. 
f o r  contaminat ion o f  groundwater by var ious  organ ic  res idua ls  leached from i n  s i t u  
type  spent shale. 

Leaching Experiments 

I n  an at tempt  t o  

The purpose o f  t h i s  paper i s  t o  assess the  p o t e n t i a l  

Two types o f  l abo ra to ry  experiments were conducted t o  assess t h e  p o t e n t i a l  f o r  
contaminat ion o f  groundwater by o rgan ic  leachants.  
ba tch  experiments and (2) e q u i l i b r i u m  batch experiments. 
experiments examined a se r ies  o f  unique spent shale samples under var ious  experimental 
cond i t ions .  The a n a l y t i c a l  parameter se lec ted  f o r  moni tor ing the  q u a l i t y  o f  leachate  
was Total  Organic Carbon (TOC). 

Spent Shale Samples 

Spent shale samples examined du r ing  t h i s  study were obtained f rom Lawrence 
Livermore Labora tory 's  (LLL) p i l o t - s c a l e  125-Kg s imulated i n  s i t u  r e t o r t .  The raw 
o i l  shale used by LLL was mined from t h e  Anv i l  Po in ts  area i n  Colorado. The F ischer  
Assay of t he  raw o i l  sha le  was 24 ga l l ons  pe r  ton  wh i l e  t h e  organic carbon content  
o f  the raw o i l  shale was 10.8% by weight.  

summarized i n  Table 1. As shown i n  Table 1, these samples represent a wide c ross-  
sec t i on  of t he  types o f  spent shale t h a t  may be produced under var ious  r e t o r t i n g  
cond i t ions .  

These inc luded (1) p r e l i m i n a r y  
Both o f  these leach ing  

The r e t o r t i n g  cond i t i ons  employed du r ing  the  produc t ion  o f  spent shale a re  

The phys ica l  c h a r a c t e r i s t i c s  ( i  .e., p a r t i c l e  s ize ' range,  dens i ty ,  and p o r o s i t y )  
o f  the  spent shale samples examined i n  the  leach ing  experiments were genera l l y  s im i la r .  
However, a major d i f f e r e n c e  observed was t h e i r  sol id-phase organic carbon conten t .  
The solid-phase organ ic  carbon content  o f  Types 1, 2, 3 ,  and 4 spent shales was 0.2%, 
1.8%, 2.1%, and 3.9% by  weight,  respec t i ve l y .  

i t  was produced dur ing  combustion r e t o r t i n g .  
As an t i c ipa ted ,  t h e  Type 1 spent shale contained the  l e a s t  organic  carbon s ince  

I n  con t ras t ,  t he  Types 2 and 4 spent 

I 

I 

I 
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shales contained h igher  l e v e l s  o f  organic  carbon as a r e s u l t  o f  r e t o r t i n g  i n  an i n e r t  
gas atmosphere. 
t o  organic  carbon content.  Since the  Type 3 spent shale was produced dur ing  com- 
bus t i on  r e t o r t i n g ,  it was i n i t i a l l y  a n t i c i p a t e d  t h a t  very  l i t t l e  res idua l  organic 
m a t e r i a l  would remain on t h e  sha le  ma t r i x .  
spent shale, i t  i s  impor tan t  t o  note t h a t  recyc le  gas was employed as p a r t  of the  
i n p u t  gas. 
i t  i s  hypothesized t h a t  the  h igh  organic  carbon conten t  o f  the  Type 3 spent sha le  may 
be due t o  e i t h e r  the  adso rp t i on  o f  c e r t a i n  v o l a t i l e  organics o r i g i n a l l y  present i n  
recyc le  gas o r  t h e  condensat ion o f  hydrocarbons onto the  shale behind the  flame f ron t .  

The Type 3 spent sha le  i s  perhaps the  most i n t e r e s t i n g  w i t h  respec t  

However, f o r  t h i s  p a r t i c u l a r  type  of 

Since recyc le  gas conta ins s i g n i f i c a n t  amounts o f  v o l a t i l e  organics ( 3 1 ,  

Table 1. Retor t ing  Condi t ions Employed i n  Product ion o f  Spent Shale Samples. 

Spent Shale Samples 

R e t o r t i n g  Parameter Type 1 Type 2 Type 3 Type 4 

Type o f  
R e t o r t i n g  Run Combustion . I n e r t  Gas Combustion I n e r t  Gas 

Inpu t  Gas 

Maximum Re to r t i ng  
Temperature (OC) 

R e t o r t i n g  Rate 
(meterslday ) 

N2 A i r  + 
Recycle Gas 
(10.5% 02) 

A i r  + N2 N2 
(7.6% 02) 

750 510 935 

0.69 1.40 1.34 

Source; W. Sandholtz, Lawrence Livermore Laboratory, l e t t e r s  dated 11/4/76 and 
12/20/76. 

P re l im ina ry  Batch Experiments 

The p re l im ina ry  ba tch  experiments consis ted o f  p l a c i n g  a small mass of  spent 
sha le  (50 grams) and a smal l  volume o f  water (50 m i l l i l i t e r s )  i n t o  a se r ies  o f  f l asks .  
A f t e r  sea l ing ,  each f l a s k  was a l lowed t o  qu iescen t l y  s i t  f o r  a designated t ime per iod ,  
rang ing  up t o  30 days. A t  the end o f  the  designated t ime per iod,  the leachate was 
decanted, f i l t e r e d ,  and analyzed f o r  To ta l  Organic Carbon (TOC). For each type of 
spent sha le  examined, leachate samples from a se r ies  o f  these f lasks were a l lowed t o  
s i t  f o r  t ime per iods rang ing  from 0.5 t o  30 days and were subsequently analyzed fo r  
TOC. I n  most cases, "pseude-equi l ibr ium" cond i t i ons  were a t ta ined  a f t e r  30 days of 
leaching. 

t h a t  i n f l uence  the  l each ing  o f  organic ma te r ia l .  
examined, i nc lud ing :  
and ( 3 )  t he  i n i t i a l  q u a l i t y  o f  leach water. 

temperatures, 2ooC, represents  the  room temperature o f  t h e  l abo ra to ry  i n  which the  
experiments were conducted and i s  considered t o  be approximately rep resen ta t i ve  of 
ambient groundwater temperature. 
approximately rep resen ta t i ve  of  a n t i c i p a t e d  water temperatures w i t h i n  an abandoned 
r e t o r t  which has no t  cooled. 
i n i t i a l 1  

The major impetus behind the  p re l im ina ry  batch experiments was t o  i d e n t i f y  fac to rs  
Several experimental va r iab les  were 

(1) r e t o r t i n g  condi t ions,  ( 2 )  temperature of t h e  leach water, 

The two water temperatures examined were 2OoC and 8OoC. The lower o f  these 

The h igher  temperature, 8OoC, i s  considered t o  be 

Groundwater m ig ra t i ng  i n t o  an abandoned r e t o r t  may 
be converted t o  steam which w i l l  condense a t  temperatures s l i g h t l y  l e s s  than 100 d C. 
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The two general categories of leach water examined were d i s t i l l e d  water and 
synthetic groundwater. 
sentative of good qual i ty  groundwater. The synthetic groundwater was produced i n  
the laboratory by adding specified amounts of NaHC03, Na2C03, NaCl, and Na2S04 t o  
d i s t i l l e d  water. 
wnhos/cm and i t s  pH was 9.0. 
mately representative of groundwater found in the lower aqui fe r  of the  Piceance 
Basin; groundwater from t h i s  aquifer i s  characterized by high leve ls  of sodium and 
the  carbonates. 

The dis t i  1 led water was considered t o  be approximately repre- 

The spec i f ic  conductivity of the synthetic groundwater was 12,000 
The synthetic groundwater was considered to  be approxi- 

The r e su l t s  o f  the preliminary batch experiments conducted fo r  a leaching time 
period of t h i r t y  days a re  summarized i n  Table 2. 
water temperature, and i n i t i a l  qua l i ty  of leach water s ign i f icant ly  influenced the 
leaching of organic material .  

carbon was observed in leachate derived from the  Type 3 spent shale.  
thesized t h a t  most o f  the water soluble organic compounds associated w i t h  the Type 3 
spent shale were or ig ina l ly  components of recycle gas t h a t  adsorbed onto the spent 
shale matrix. These were held by weak physical forces and were readi ly  leachable. 
The lowest organic carbon level was detected i n  leachate derived from the  Type 1 
spent shale. 
The leve ls  of organic carbon in leachate derived from spent sha le  samples produced 
during ine r t  gas re tor t ing  were intermediate t o  values found i n  leachate derived 
from Types 1 and 3 spent shales.  

Table 2. Preliminary Batch Experiments 

As shown, r e to r t ing  conditions,  

Employing d i s t i l l e d  water a t  a temperature of 2OoC, the highest level of organic 
I t  i s  hypo- 

This may be a t t r ibu ted  t o  i t s  low solid-phase organic carbon content. 

Total organic carbon (TOC) leached, 
mg/100 g of spent shale 

Experiment type Type 1 Type 2 Type 3 Type 4 

30-day d i s t i l l e d  water 1.1 1.9 3.5 1 . 7  

30-day d i s t i l l e d  waier 1.3 3. i 2.9 3.1 

batch exps. I3 2OoC 

batch exps. @ 80 C 

batch exps. I3 2OoC 

batch exps. (3 80°C 

30-day groundwater 1.0 2.3 3.8 2.0 

30-day groundwater 1.0 5.8 3.4 4.7 

Employing d i s t i l l e d  water a t  a temperature of 8OoC, the highest l eve ls  of 
organic carbon were observed i n  the leachate obtained from samples produced during 
ine r t  gas re tor t inq .  
temperatures Of 20OC and 8OoC reveals t h a t  the  leaching of organic material from 
Types 2 and 4 spent sha les  was s igni f icant ly  enhanced a t  the higher temperature. 
This was a t t r i bu ted  t o  the  increased so lub i l i t y  of organic compounds a t  the higher 
water temperature. An elevated temperature appeared to  have l i t t l e  overall e f f e c t  
on the leaching of organic material from Types 1 and 3 spent shales.  

Employing groundwater a t  2OoC, the  highest  level of organic carbon was detected 
i n  leachate derived from the Type 3 spent shale while the lowest level was detected 
i n  leachate derived from the Type 1 spent shale.  The r e su l t s  of the groundwater 
experiments conducted a t  2OoC were generally s imi la r  t o  the r e su l t s  of the corresponding 

A comparison of experiments conducted w i t h  d i s t i l l e d  water a t  
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d i s t i l l e d  water exper iments.  
leach water had l i t t l e  o v e r a l l  e f f e c t  on the leachlng o f  organlc  ma te r la l .  

Th i s  imp l i es  tha t ,  a t  20°C, the I n i t i a l  q u a l i t y  of 

Using groundwater a t  8OoC, h ighe r  l e v e l s  of organic  carbon were found i n  the 
leachate obtained from spent shale produced by i n e r t  gas r e t o r t i n g  than i n  o the r  
samples. 
t h a t  a h igher  temperature s i g n i f i c a n t l y  enhanced the  leaching o f  organic ma te r ia l  
from Types 2 and 4 spent shales. The above observations are s i m i l a r  t o  those made 
when using d i s t i l l e d  water. For Types 2 and 4 spent shales, s i g n i f i c a n t l y  g rea te r  
q u a n t i t i e s  o f  organic  carbon were found i n  leachates obtained when us ing groundwater 
a t  8OoC than i n  the  d i s t i l l e d  water experiments conducted a t  t he  same temperature. 
Th is  imp l i es  t h a t  some k i n d  o f  s y n e r g i s t i c  mechanism, i n v o l v i n g  both water temperature 
and i n i t i a l  q u a l i t y ,  r e s u l t e d  i n  more organic ma te r ia l  being leached from Types 2 and 
4 spent shales dur ing the  high-temperature groundwater experiments than du r ing  t h e  
high-temperature d i s t i l l e d  water experiments. 

A comparison o f  groundwater experiments conducted a t  20 C and 8OoC revea ls  

' 

Equ i l i b r i um Batch Experiments 

The e q u i l i b r i u m  ba tch  experiments consis ted o f  p l a c i n g  a small mass o f  spent 

A f t e r  t h i s  per iod,  the leachate was decanted, f i l t e r e d ,  and 

shale (50 grams) and a v a r i a b l e  volume o f  water, ranging from 30 t o  200 m i l l i l i t e r s ,  
i n t o  a ser ies o f  f l a s k s .  
a pe r iod  o f  30 days. 
analyzed f o r  TOC. 

The major impetus behind the e q u i l i b r i u m  batch experiments was t o  generate 
data enabling the development o f  e q u i l i b r i u m  isotherms. The r e s u l t s  of the pre-  
l i m i n a r y  batch experiments suggested t h a t  30 days was, i n  most cases, an adequate 
t ime per iod f o r  t he  es tab l  ishment o f  "psuedo-equil ibr ium" condi t ions.  
a leaching t ime o f  30 days was used. 

The experimental va r iab les  examined dur ing the e q u i l  i brium batch experiments 
were i d e n t i c a l  t o  those considered dur ing the p re l im ina ry  batch s tud ies w i t h  the 
fo l l ow ing  exceptions: 
s e r i e s  o f  shale t o  water r a t i o s  were evaluated. 

Each f l a s k  was sealed and al lowed t o  qu iescen t l y  s i t  f o r  

Consequently, 

( 1 )  on l y  Types 1 and 2 spent shales were used and (2)  a 

The r e s u l t s  de r i ved  from the e q u i l i b r i u m  batch experiments are presented i n  
Table 3. 
f o r  greater  shale t o  water  r a t i o s .  

experiments by employing bo th  the Freundl i c h  and Langmuir equations. 
model i s  def ined by; 

where q = mass o f  so lu te  adsorbed per u n i t  

As shown, the  concen t ra t i on  o f  organic  carbon i n  a l l  leachates increased 

An attempt was made t o  model the data der ived from the  e q u i l i b r i u m  batch 
The Freundl i c h  

q = K C l h  (1 )  

mass o f  adsorbant 
C = e q u i l i b r i u m  concentrat ion o f  s o l u t e  

K & n = constants 
Transforming the above equat ion i n t o  l oga r i t hm ic  form y i e l d s ;  

I n  con t ras t  t o  the F reund l i ch  model, t he  Langmuir equat ion i s  defined by; 
l o g  q = l o g  K + l / n  l o g  C (2 )  

q = abC ( 3 )  
1 + aC 

where a & b = constants  

q b ab C 

The Langmuir equation i s  o f t e n  expressed i n  l i n e a r  form as; 
- 1 = 1  - t 1 -  1 (4 )  
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Table 3. Equilibrium Batch Experiments 

Concentration of Organic Carbon (mg/l) 

Type of 
Experiment 

Disti laed Water 

D i s t i l l ed  Water 
a t  20 C 

a t  BOOC 

a t  ZOOC 
Groundwater 

Grounduater 
a t  BO c 

Di s t i l l ed  Water 

D i s t i l l ed  Water 

Groundwater 

Groundwater 

a t  20Oc 

a t  8OoC 

a t  20 '~  

a t  8OoC 

Type 1 Type 2 

50 g 50 g 50 g 50 g 50 g 50 g 50 g 50 g 

3Oml 50ml lOOml 200ml lOOml 200rnl 

18 11 5.0 3.9 25 19 11 5.4 

16 13 6.9 4.9 36 31 24 15 

19 10 6.9 3.6 25 23 10 6.7 

16 10 7.7 4.4 67 58 38 17 

+ + + + + + + + 
- - - -  

Mass Leached Per U n i t  Mass (mg/100 9) 

Type 1 Type 2 

50 g 50 g 50 g 50 g 50 g 50 g 50 g 50 g 

301111 501111 lOOml 2001111 l O O m l  200ml 

1.1 1.1 1.0 1.6 1 .5  1.9 2.2 2 .2  

1.0 1.3 1.4 2.0 2.2 3.1 4.8 6.0 

1.1 1.0 1.4 1.4 1 .5  2.3 2.0 2.7 

1.0 1.0 1.5 1.8 4.0 5.8 7 . 6  6.8 

+ + + + + + + + 
- - - -  

The Freundlich and Langmuir models were o r ig ina l ly  developed t o  describe the  adsorption 
phenomenon. In some cases,  experimental data wi l l  f i t  one model be t t e r  than the o ther .  
I f  experimental data conform t o  the Freundlich model then a p lo t  of log q versus log 
C should be l inear .  Correspondingly, i f  experimental data conform t o  the Langmuir 
model, then a p lo t  o f  l /q  versus l / C  should be l inear .  

In order t o  apply the  above adsorption models t o  a leaching/desorption phenomenon, 
i t  is necessary t o  redefine the parameters C and q. The parameter C i s  defined a s  
the equilibrium TOC contration i n  the leachate,  expressed i n  terms of mg/l. The para- 
meter q i s  defined a s  the mass of organic carbon remaining on the spent sha le  per 
un i t  mass of spent shale (expressed i n  terms of mg TOC/g spent sha le ) .  The parameter 
q can be estimated by subtracting the mass o f  organic carbon leached, as  defined by 
measurements of C ,  from the  i n i t i a l  solid-phase organic carbon content of the  spent 
sha le  sample. 

A l e a s t  squares computer subroutine was used t o  estimate constants f o r  both the 
Freundlich and Langmuir models. 
ed i n  Table 4. 
equilibrium TOC concentration resulting from a pa r t i cu la r  sha le  t o  water r a t io .  

Estimates of constants f o r  each equation a r e  present- 
Employing these constants,  either model can be used t o  pred ic t  the 
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Table 4. Constants f o r  Freundlich 
and Langmuir Models. 

Type 1 Spent Shale Type 2 Spent Shale 

Freundlich Langmui r Freundlich Langmui r 
K n a b K n a b 

D i s t i l l ed  Water 1.98a32 615r433 81.T577 1.93075 17.g688 3850.47 4337849 17.g846 
a t  20OC 

a t  8OoC 

a t  2OOC 

Dis t i l l ed  Water 1.97197 318.766 36.4383 1.99237 17.8187 408.520 19.1234 17.9995 

Groundwater 1.98256 816.308 111.354 1.99027 17.9638 3116.45 241.323 17.9852 

Groundwater 1.97152 274.904 36.5797 1.99405 17.7054 298.471 6.18471 17.9989 
a t  8OoC 

All data derived from the  equilibrium batch experiments were plotted as  log q versus 
log C and l / q  versus 1/C. The purpose of t h i s  graphical exercise was t o  examine t h e  
p lo t s  f o r  l i n e a r i t y  and t h u s ,  t o  ascer ta in  whether a pa r t i cu la r  model was appropriate 
fo r  various groups of data.  

Experimental data obtained from the Type 2 spent sha le  a r e  plotted according t o  the 
logarithmic form of the Freundlich Model i n  Figures 1 and 2 and according t o  the 
l i n e a r  form of the  Langmuir Model i n  Figures 3 and 4. 
equations appear t o  be f a i r l y  appropriate fo r  modelling experimental data fo r  the 
Type 2 spent shale. 

In cont ras t  t o  the  Type 2 spent shale,  the Freundlich and Langmuir equations appear 
t o  be l e s s  appropriate f o r  modelling experimental data derived from the Type 1 spent 
sha le .  Although p lo t s  of log q versus log C and l / q  versus l / C  appeared to  roughly 
follow a l i nea r  trend, they were not a s  l i nea r  a s  corresponding p lo ts  f o r  the  Type 2 
spent shale. I t  appears t h a t  another isotherm model may be more appropriate. 

Conclusions 

Based on the r e su l t s  of the preliminary batch experiments, i t  is apparent t h a t  there  
e x i s t s  a s ign i f i can t  potential  fo r  sontamination of groundwater by organic res idua ls  
leached from in situ spent sha le ,  par t icu lar ly  spent sha le  produced during inert gas 
r e to r t ing  o r  combustion r e to r t ing  employing recycle gas. 
preclude cer ta in  beneficial  uses o f  groundwater i n  the immediate v i c in i ty  of 
abandoned i n  s i t u  r e t o r t s .  

Both the Freundlich and Langmuir equations appear t o  be f a i r l y  appropriate f o r  model- 
l i ng  the leaching of organic material from spent sha le  samples produced during inert 
gas re tor t ing .  
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ANALYSIS OF VOLATILE POLAR ORGANICS IN UNTREATED BY-PRODUCT 
WATERS FROM COAL CONVERSION PROCESSES 

Curt M. White and Charles E. Schmidt 

U. S. Department of Energy, Pittsburgh Energy Research Center 
4800 Forbes Avenue, Pittsburgh, PA 15213 

INTRODUCTION 

I’ 
I 

Analysis of by-product waters from coal conversion processes is important because 
the need for constructing large-scale coal liquefaction and gasification plants 
i s  increasing. 
water which must be made environmentally acceptable before discharge from the plant. 
However, some gasification processes plan to recirculate a major portion of the process 
water within the plant. It is therefore necessary to obtain qualitative and quantitative L- 
data concerning the trace organic constituents present in these process waters in 
order that effective water treatment technologies can be developed and evaluated. 
This knowledge would also provide insight into the potential environmental impact of 
coal conversion processes. 

Interest in trace organic constituents present in waters from coal conversion 
processes is not new. Schmidt, Sharkey and Friedel (1) identified a large number 
of organic components in SYNTHANE (2) gasifier condensate waters, using extraction 
techniques followed by analysis via combined gas chromatography-mass spectrometry 
(GC-MS) and high resolution mass spectrometry (HRMS). Ho, Clark and Guerin (3) have 
used direct aqueous injection gas chromatography to quantitate sixteen organic 
compounds present in by-product waters from two coal conversion processes. Ellman, 
Johnson, Schoubert, Paulson and Fegley ( 4 )  have recently used mass spectrometry to 
investigate the nature of water-soluble organics 
slagging fixed-bed gasification process. Kavan and Basyrova ( 5 )  have determined 
by gas chromatography (GC) the ketone content of waste water from the “pressure 
gasification” of coal. 

The present investigation was undertaken to more fully define the nature of the 
trace volatile polar organics in by-product waters from four coal conversion 
process development units, in order to provide input for water treatment 
process design and to develop rapid analytical techniques to monitor the effective- 
ness Of various water treatments. The samples investigated included by-product 
waters from two gasification processes, SYNTHANE (2) and a modified Lurgi slagging 
fixed-bed gasification process ( 4 ) ,  and two liquefaction processes, SYNTHOIL ( 6 )  
and Project Lignite ( 7 ) .  A variety of analytical techniques were used, including 
direct aqueous injection GC-MS, GC-MS of extracts from these waters, and direct 
aqueous injection GC employing flame ionization and flame photometric detection. 

Coal liquefaction and gasification technologies will use or produce 

in water from a modified Lurgi 

EXPERIMENTAL 
The combined GC-MS analyses were performed using a Varian* 1700 gas chromatograph 
equipped with a flame ionization detector interfaced to a DuPont 490 mass spec- 
trometer. 
tiewlett-Packard 2100A computer. 
of one part in 600 and an ionizing voltage of 70 eV. 
and glass line connecting the chromatograph to the spectrometer were held at 275’ C. 

Mass spectrometric data reduction,and storage was accomplished by a 
The mass spectrometer was operated at a resolution 

The ion source, jet separator 

*Use of brand names facilitates understanding and does not necessarily imply 
endorsement by the Department of Energy. 
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The chromatographic effluent was continuously scanned at a rate of four seconds 
per decade of mass by the mass spectrometer. 

In most cases, the gas chromatographic separations were effected using a 20 ft. x 
l/8 in. glass column packed with 60/80 mesh Tenax GC with a helium flow rate of 
15 cc per minute. 
programmed at 2 Co per minute to 300 

Where possible the combined GC-MS analyses were performed by direct injection of 
the aqueous samples (8). In cases where the amounts of individual components present 
were insufficient to obtain usable mass spectrometric data, the waters were extracted 
using methylene chloride (1) and the resulting extracts were subjected to GC-MS 
analysis using conditions identical to those used during direct aqueous injection. 

In general, identification of specific compounds was made on the basis of mass 
spectral data and in most cases was subsequently confirmed by co-chromatographic 
experiments in which pure compounds were spiked into the by-product waters. In 
a few cases, this was not done because standard compounds, such as certain alkyl 
furans and C -phenols, were not available. 

Gas chromatographic analysis of the volatile sulfur constituents of SYNTHANE condensate 
water was performed using a Tracor 550 gas chromatograph equipped with a dual flame 
ionization detector and a flame photometric detector specific for sulfur. The 
sulfur components were chromatographed using a 10 ft. x 1/8 in. glass column packed 
with 60180 mesh Tenax GC. 

Identification of specific sulfur compounds using flame photometric detection was 
achieved solely on the basis of co-chromatographic experiments using by-product 
water spiked with authentic sulfur compounds. In addition, the mass spectrum of 
carbon disulfide was observed in a number of GC-MS experiments where the untreated 
by-product waters were injected directly into the GC-MS system. 

Gas chromatographic results were quantitated by determining peak areas from 
chromatographic profiles obtained from direct aqueous injection of the by-product 
waters. In order to obtain specific response factors for individual compounds, a 
standard solution was injected and separated using chromatographic conditions 
identical to those under which the sample was analyzed. 

The column was hehd at 30° C for 6 minutes and then temperature 
C. 

3 

RESULTS AND DISCUSSIONS 

Figure 1 shows gas chromatographic profiles obtained by direct aqueous injection 
of by-product waters from four different coal conversion processes: 1. end-of-run 
liquor from a slagging fixed-bed gasifier ( 4 ) ;  2. byLproduct water from Project 
Lignite (7); 3 .  SYNTHANE (2) gasifier condensate water; and 4 .  
process development unit scrubber water. The numbered chromatographic peaks are 
identified in Table 1. 
obtained using sulfur specific flame photometric detection, appears in Figure 2, 
and the numbered peaks are identified in Table 2. 

The data presented in Table 2 ,  obtained with the use of a flame photometric 
detector, are preliminary but illustrate the potential applicability 
of element-specific gas chromatographic detectors to the analysis of coal conversion 
products. 

SYNTHOIL (6) 

The chromatographic profile of SYNTHANE condensate water, 

The sulfur compounds identified in Table 2 have not been quantitated. 
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Table 1. Organic constituents in untreated by-product wate s a4 from coal conversion process development units.- 
Concentration in mg. per liter 

Slagging Project 
Peak # Compound gasifier Lignite SYNTHANE SYNTHOIL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

32 
33 
34 
35 
36 

methanol 
ethanol 
acetonitrile 
isopropanol 
acetone 
carbon disulfide 
acetic acid 
propionitrile 
2-butanone 
propionic acid 
3-methyl-2-butanone 
butyronitrile 
2-pentanone 
i-butyric acid 
n-butyric acid 
valeronitrile 
cyclopentanone 
i-valeric acid 
n-valeric acid 
methylcyclopentanone 
n-caproic acid 

bl phenol 
C2-f uran- 
aniline 
o-cresol 
m- and p- resols 
C -furan- 
2,6-xylenol 
o-ethylphenol 
2,4- and 2,5-xylenols 
3.5-xylenol and p- 

2,3-xylenol 
3,4-xylenol 
2-isopropylphenol 
C -furan- 5 b/ C -phenol- 3 

by 
4 

ethylphenol 

900 
<lo 
500 

540 
-- 

(400 
60 
100 
30 
30 
10 
30 

<10 
10 

-- 

(30 
20 
20 
50 

2700 
80 
40 
550 
1100 
90 
30 
40 

130 

140 
50 

/(.O 

10 

5000 
320 
320 

{ 5600 
(10.200 

30 
1100 
3400 
50 
<10 

(130 
630 
20 

(160 

200 
50 
60 

4700 
100 

980 
1800, 

30 
80 
2 10 

280 
60 

-- 

-- 

{!S 
-- 

140 
< 10 
210 

950 
(1400 

40 
230 
30 
80 

< 10 

-- 

(20 

(40 

<10 
<lo 

<10 
10 
70 

3100 
70 
30 
560 
1100 
40 
30 
50 
130 

160 
50 

('4 
-- 

80 
10 
40 
30 

200 
40 

<10 
100 

<10 
<10 
20 

-- 

-- 

-_ 
< 10 
20 -- 
-- 
20 

3300 

140 
1300 
1900 

110 
160 
280 

300 
<10 

< 10 

20 

-- 
-- 

-- 

-- 
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Table 1. Organic constituents in untreated by-product wate s 
from coal conversion process development units .55 (Continued) 

Concentration in mg. per liter 
Slagging Project 

Peak I Compound gasifier Lignite SYNTHANE SYNTHOIL 

37 C3-phenol" lo -- 10 

41 2,3,5-trimethylphenol,, <lo 20 10 <10 

-- 
-- 38 C -phenol and naphthalene -- 70 20 3 

(30 (10 39 3-ethyl-5-methylphenol 
40 catechol 

4 2  resorcinol, C - henol-' and C'-pheno?- by -- 50 10 30 

aThe data obtained on SYNTHANE and SYNTHOIL by-product waters are similar 
The to results obtained onmanyother water samples from these processes. 

results obtained on Project Lignite and fixed-bed slagging gasification 
by-product waters represent the analysis of a single sample from each 
process. 

bRefers to the number of alkyl carbons. These compounds were identified on 
the basis of mass spectrometric data only. 
identified on the basis of mass spectrometric data and confirmed by co- 
chromatographic expriments. 

All other compounds listed were 

CIncludes 3, 4-xylenol and C -furan, while 2-isopropylphenol was not detected. 5 
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Table 2. Organic sulfur constituents identified in an untreated by-product 
water from the SYNTHANE process development unit. 

Peak No. 

1 

2 

3 

4 

Compound 

carbon disulfide- al 

thiophene 

2-methylthiophene 

benzothiophene 

acornpounds were identified on the basis of co-chromatographic experiments. 
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While monitoring the trace volatile polar organics in SYNTHOIL and SYNTHANE by-product 
waters, it was determined that the same compounds are present irrespective of minor 
changes in process conditions; however, the concentrations in which components 
are present can change significantly with changes in plant operating conditions. 

The results of this study agree reasonably well with those reported by other 
investigators. 
water and overall results obtained by Ho, et al. ( 3 )  are very similar to that shown 
here. Many of the compounds identified earlier by Schmidt (1) have also been 
observed in this investigation. 
by Ellman ( 4 )  
fixed-bed slagging gasifier indicated many relatively non-volatile compounds, the 
results of that investigation support our findings that phenol and cresols are the 
major components. Further, Kavan and Basyrova (5) have identified ketones and 
an alcohol in by-product water from the "pressure 'gasification" of coal and these 
results are in agreement with those reported here. 

The detection of alcohols and nitriles in these by-product waters is interesting. 
To our knowledge, this is the first report in which nitriles have been positively 
identified and quantitated in products formed during the hydroliquefaction or 
gasification of coal. Although alcohols have been previously reported in gasifi- 
cation products (5), they have not, to our knowledge, been positively identified 
and quantitated in products formed during the hydroliquefaction of coal. The origin 
of alcohols in the by-product waters is unknown; however, three routes to their 
formation are reasonable. Alcohols could be: 1. the pyrolysis or hydrogenolysis 
products of coal or lignite; 2 .  formed by catalytic reaction of synthesis gas (CO 
and Hg); or 3. formed by secondary reactions occurring in the aqueous phase. 
Alcohols are present in highest concentration in the by-product water from Project 
Lignite. In this process, lignite is solvent-refined in the presence of CO and 
H using the naturally occurring mineral constituents of lignite as catalysts. 
C%'and Hg are known to react in the presence of some catalysts to form methanol 
as well as other products (9, 10). Alcohols are known to be products formed 
during the Fischer-Tropsch reaction. It is conceivable that at least some of the 
alcohols detected in by-product water from Project Lignite were formed by catalytic 
conversion. The SYNTHOIL process does not use CO, and there'fore the small amounts 
of alcohols in SYNTHOIL by-product water were probably formed by routes 1 and/or 3. 
The alcohols detected in by-product waters from SYNTHANE and the slagging fixed-bed 
gasification process may have been formed from any one or a combination of the three 
suggested routes. 

The presence of naphthalene, which was found in some of these by-product waters, 
is significant and indicates that higher homologs of polynuclear aromatic hydrocarbons 
(PAH's) may be present. 
spectrometric results of Ellman, et al. (4) who detected PAH's in by-product water 
from the slagging fixed-bed gasifier. 
carcinogens,it is important to determine their exact nature and level in these waters. 
The analytical techniques used in this investigation employing Tenax GC are not 
effective in the analysis of higher homologs of PAH's. 

Several homologous series of organic compounds have been detected, including 
alcohols, nitriles. ketones, carboxylic acids, furans, and phenols. In general, 
the first member of each homologous series is present in highest concentration. 
This is probably due to the higher water solubility of the lower homologs. 

In particular the chromatographic profile of SYNTHANE condensate 

Although the mass spectrometric data obtained 
and co-workers on the organic content of by-product water from a 

This is particularly true in light of the recent mass 

Because many PAH's are known or suspected 
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Gas chromatography using direct aqueous injection on Tenax GC is an excellent 
technique for rapidly and reproducibly monitoring the trace volatile' polar 
organics in by-product waters from coal conversion processes. The gas chromatographic 
analysis can be completed in less than two hours and may be entirely automated 
and computerized using an autosampler and chromatographic data system. Further, 
little sample preparation time is required, and no prior concentration of components 
is needed. These characteristics of the analysis suggest that the gas chromatographic 
techniques employed in this research could be used online within a coal conversion 
plant to monitor trace volatile polar organic constituents of by-product waters. 

The overall trace volatile polar organic contents of the four by-product waters 
investigated are very similar although a few significant differences exist. 
study implies that, since the volatile polar organic contents of the waters from 
four different coal conversion.processes are very similar, it may be possible to 
develop a single waste water treatment technology that is effective in treating 
the by-product waters from more than one coal conversion process. 

It should be emphasized that the by-product waters investigated were untreated. 
The present investigation not only provides detailed quantitative analytical data 
for by-product waters from selected coal conversion process development units, but 
also provides an indication of the types of materials that may be present in 
waters from larger scale-up units. 
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IDENTIFICATION OF ORGANIC CONSTITUENTS I N  AQUEOUS EFFLUENTS FROM 
ENERGY-RELATED PROCESSES 

E .  D. P e l l i z z a r i ,  N. P. C a s t i l l o ,  S. W i l l i s ,  D. Smith and J. T.  Bursey 

Research T r i a n g l e  I n s t i t u t e ,  P. 0. Box 12194 
Research T r i a n g l e  Park,  North Caro l ina  27709 

The emphasis on and d r i v e  toward n a t i o n a l  energy s e l f - s u f f i c i e n c y  i m p l i e s  a 
very r e a l  p o s s i b i l i t y  f o r  l a r g e  s c a l e  environmental degradat ion.  There is g r e a t  
concern on t h e  one hand t h a t  unabated growth i n  energy product ion  and u t i l i z a t i o n  
w i l l  cause  i r r e p a r a b l e  harm t o  t h e  environment and on t h e  otherhand t h a t  measures t o  
p r o t e c t  t h e  environment may f u r t h e r  exacerba te  t h e  c u r r e n t  supply problems faced  by 
t h e  energy indus t ry .  It i s  g e n e r a l l y  recognized t h a t  t h e  n a t i o n  must use c o a l  and 
o i l - s h a l e  over  t h e  n e x t  few decades at a rate of a c t i v i t y  which w i l l  double  o r  
t r i p l e  our c u r r e n t  l e v e l s  ( 1 ) .  

v o l a t i l e  organic  s p e c i e s  and t h e i r  q u a n t i t i e s  i n  aqueous samples from energy-re la ted  
processes .  C h a r a c t e r i z a t i o n  of energy-related e f f l u e n t s  f o r  v o l a t i l e  and semi-vola- 
t i l e  organic  components i s  necessary  i f  w e  a r e  t o  understand t h e  energy recovery 
p r o c e s s  i t s e l f  a s  w e l l  a s  i t s  environmental  impact. 

The development and a p p l i c a t i o n  of c a p i l l a r y  gas- l iqu id  chromatography/mass 
spectrometry/computer (glc/ms/comp) and gas  chromatography/Fourier Transform-infra- 
red/computer (gc/ft-ir/comp) methods f o r  c h a r a c t e r i z i n g  and quant i fy ing  v o l a t i l e  and 
semi-vola t i le  organics  i n  aqueous samples from energy-re la ted  processes  is descr ibed  
here .  

EXPERIMENTAL PROCEDURES 

Sam l i n  Methods--One-liter g l a s s  amber conta iners  w e r e  c leaned wi th  d i l u t e  HC1,  de- 
ion:zed:distilled water  and then  heated t o  450'C f o r  2 h r .  T e f l o n @ - l i n e d  s c r e w  
caps w e r e  used. 

Product  w a t e r  from a n  in s i t u  c o a l  g a s i f i c a t i o n  experiment i n  Hanna, WY (Hanna 
11, Phase  11, Laramie Energy Research Center ,  Laramie, WY) was obtained from a high 
tempera ture  product  stream u s i n g  an e thylene  glycol-cooled s t a i n l e s s  s t e e l  condenser 
system. 
s e p a r a t e d ,  and shipped t o  the l a b o r a t o r y .  
cessed .  

Sample Prepara t ion- -Vola t i le  o r g a n i c s  w e r e  recovered from aqueous samples us ing  
previous ly  developed methods (2-9). A 3-100 ml aqueous sample w a s  d i l u t e d  t o  100 m l  
wi th  d e i o n i z e d - d i s t i l l e d  w a t e r ,  and purged wi th  Helium i n  a n  a l l  g l a s s  v e s s e l  (Fig. 
1 ) .  The H e  w a s  passed through a s h o r t  g l a s s  condensor t o  remove water  vapor  and t h e  
v o l a t i l e s  were t rapped on a 1 .5  x 8.0 cm bed of Tenax GC (2,6-diphenyl-p-phenylene 
oxide ,  Applied S c i .  Lab., S t a t e  College,  PA, 35/60 mesh). Tenax GC c a r t r i d g e s  were 
prepared  a s  prev ious ly  d e s c r i b e d  ( 1 0 , l l ) .  
sample a t  6OoC wi th  a 25 ml/min H e  flow f o r  90 min. 
c a r t r i d g e  was dr ied  over  1 g Cas04 f o r  2 h r  i n  a s e a l e d  R i m a x 6  c u l t u r e  tube.  
Samples were s t o r e d  a t  -20°C u n t i l  a n a l y s i s  t i m e .  

e x t r a c t e d  from aqueous samples  using Freon-TF@ (Ashland Chem. Co., Raleigh,  NC). 
Freon-TFQwas p u r i f i e d  through a f l o r i s i l  column p r i o r  t o  i t s  use. 
of n e u t r a l  and b a s i c  compounds, t h e  pH was ad jus ted  t o  >11 and t h e  aqueous sample 
(100 ml) w a s  p a r t i t i o n e d  f o u r  t i m e s  w i t h  100 of Freon-TF. Organic phases  were 
combined and t h e  organic  b a s e s  e x t r a c t e d  w i t h  100 m l  1 N  H C 1  (F-2). The organic  
phase w a s  concent ra ted  t o  2.0 m l  i n  a Kuderna-Danish (K-D) appara tus  and then  t o  300 
!-I1 under a slow Ng stream. The f r a c t i o n  conta in ing  n e u t r a l  compounds (NE) was 
submi t ted  d i r e c t l y  t o  i n s t r u m e n t a l  a n a l y s i s .  The aqueous a c i d  l a y e r  (F-2) was 
a d j u s t e d  t o  pH 12 wi th  5N N a O H  and e x t r a c t e d  f o u r  t imes wi th  100 m l  of Freon-TF@. 
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P r i o r  t o  t h i s  r e p o r t  a pauc i ty  of in format ion  was a v a i l a b l e  on t h e  i n d i v i d u a l  

A 24 h r  composite was c o l l e c t e d  i n  a sump, t h e  product  water  and tar  
Samples were c h i l l e d  t o  4 O C  u n t i l  pro- 

Organic v o l a t i l e s  were purged from t h e  
A f t e r  pur  ing ,  t h e  Tenax GC 

Semi-vola t i le  o r g a n i c s  n o t  q u a n t i t a t i v e l y  recovered by t h e  above procedure were 

For e x t r a c t i o n  



Freon-TFQfract ions were combined, concentrated t o  a 2 m l  i n  a K-D appara tus  and 
then  t o  300 u 1  under a slow N2 s t ream ( B ) .  

p a r t i t i o n e d  four  t i m e s  w i t h  100 m l  Freon-TFQ . 
concent ra ted  t o  300 p 1  a s  above (A). 

d i e t h y l  e t h e r  (12)  and analyzed d i r e c t l y  by glc/ms/comp and gc/f t - i r /comp.  Organic 
bases  (B) were t r e a t e d  w i t h  100 p1 perf luoropropr ionic  anhydride (PFPA, P i e r c e  
Chem., Rockford, IL) f o r  1 h r  @ 45'C. The PFPA was n e u t r a l i z e d  wi th  100 1.11 5% 
NaHC03 and t h e  organic  l a y e r  w a s  examined by glc/ms/comp. 

Ins t rumenta l  Methods--Volatile organics  were thermally recovered and analyzed by 
gc/ms/comp using a prev ious ly  descr ibed i n l e t  manifold (8-11) shown i n  F igure  2 .  
Table 1 presents  t h e  ins t rumenta l  parameters  employed. I n  a t y p i c a l  thermal  de- 
s o r p t i o n  c y c l e ,  a Tenax GC c a r t r i d g e  was placed i n  t h e  preheated chamber (270'C) and 
t h e  helium passed through t h e  c a r t r i d g e  ("20 ml/min) t o  purge t h e  desorbed vapors  
i n t o  t h e  l i q u i d  N 2  cooled N i  c a p i l l a r y  t r a p .  
v a l v e  i n  p o s i t i o n  "A" (Fig.  2 ) .  A f t e r  4 min of thermal  desorp t ion ,  t h e  s ix-por t  
v a l v e  (Valco I n s t .  Inc . ,  Houston, TX) was r o t a t e d  t o  p o s i t i o n  "B" (Fig. 2 ) .  The 
c a p i l l a r y  t r a p  temperature  was r a i s e d  from -196' t o  220°C i n  3 s e c  and t h e  H e  car-  
r ier  gas  c a r r i e d  t h e  vapors  onto an OV-101 suppor t  coated open t u b u l a r  column 
(SCOT). 

The o r i g i n a l  a l k a l i n e  s o l u t i o n  (F-1) w a s  a d j u s t e d  t o  pH 4 wi th  5N H C 1  and 
Organic phases  were combined and 

F r a c t i o n s  conta in ing  organic  a c i d s  (A) w e r e  t r e a t e d  wi th  200 p l  of CH2N2 i n  

This  o p e r a t i o n  w a s  conducted wi th  t h e  

The SCOT'S were prepared by a prev ious ly  repor ted  method (11) .  

Table  1. Operat ing Parameters  f o r  GLC-MS-COMP System 

Parameter S e t t i n g  Parameter S e t t i n g  

desorp t ion  27OoC scan  range - m / g  20 -t 300 
v a l v e  220°c scan  r a t e ,  
c a p i l l a r y  t r a p  - min. -195'C automatic-cycl ic  1 secldecade 

desorp t ion  t i m e  4 min mu1 t i p l i e r  6.0 

Inlet-manifold MS 

max. 220°c f i lament  c u r r e n t  300 u A  

i o n  source  vacuum "4 x t o r r  
GLC 

100 m SCOT OV-101 20-240°C, 
4/Co min 

50 m SCOT Carbowax 20 M 80-240°C 
c a r r i e r  (He) "3 ml/min 
s e p a r a t o r  240°C 

Semi-volat i le  organic  compounds (3-5 p1) a s  n e u t r a l s ,  methylated a c i d s  and 
d e r i v a t i z e d  bases  were a l s o  analyzed using t h e  i n l e t  manifold i n  t h e  s p l i t l e s s  
i n j e c t i o n  mode (13). A Carbowax 20 M SCOT w a s  employed. 

Mass cracking p a t t e r n s  were au tomat ica l ly  and cont inuously acquired throughout 
t h e  chromatographic run  using a Varian MAT CH-7 mass spectrometer /6201 computer 
system @ . g . ,  30 eV) equipped wi th  a Diablo Dual Disk system, S t a t o s  3185 recorder ,  
and a Magnetic Tape Deck. 

Cambridge, MA) gc/f t - i r /comp systems were used f o r  acqui r ing  inf ra - red  s p e c t r a  (0.5 
s e c l s c a n ,  8 cm-1) of semi-vola t i le  organic  ac ids .  G a s  chromatography w a s  performed 
on a 1 / 8  i n  x 9 f t  S.S. column packed with'lO% Carbowax 20 M on 80/100 mesh Chromo- 
sorb  W ( H P ) .  

Radiolabeled Recovery Studies--To determine t h e  percent  recovery f o r  t h e  v o l a t i l e  and 
semi-vola t i le  p u r i f i c a t i o n  procedures ,  r a d i o l a b e l e d  compounds were employed. To- 
luene[Ring-14C, 4.0 uC/mM], benzene [14C, 13.6 uC/mM], phenol  [14c (U), 10.7 pC/mM], 
ace tone  [2-14C, 6.5 uC/mM] , dimethylbenzanthracene-14C, phenyl e t h y l  amine*HCl-l4C, 
and 3-amino-l,2,4-triazole were purchased from New England Corporat ion,  Boston, MA. 
A c e t o n i t r i l e  w 4 C ,  14.9 uC/~r&f] and 2-hexanoic a c i d  [l-14C, 58 pC/mM] were pur- 
chased from Amersham S e a r l e ,  Corp. P l a i n s ,  IL. 

Nicole t  7091 (Nicole t  I n s t . ,  Madison, WI) and Dig i lab  FTS-20 (Dig i lab  I n c . ,  
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Radioisotopes were d i l u t e d  i n  d i s t i l l e d - d e i o n i z e d  water t o  a few u C / m l .  Sam- 
p l e s  were spiked w i t h  r a d i o l a b e l e d  compounds p r i o r  t o  p u r i f i c a t i o n .  
a c t i v i t y  on the  s o l i d  sorbent  Tenax and i n  l i q u i d  f r a c t i o n s  from t h e  l i q u i d - l i q u i d  
(LL) f r a c t i o n a t i o n  scheme w a s  determined wi th  a Packard Tr icarb  3375 l i q u i d  scin-  
t i l l a t i o n  spectrometer .  To t h e  f r a c t i o n  w a s  added 15 m l  of s c i n t i l l a t i o n  f l u i d  and 
t h e  sample w a s  counted u n t i l  a s tandard  e r r o r  of 2 . 5  w a s  obtained.  The s c i n t i l l a -  
t i o n  f l u i d  contained 18  g of O m n i f l u o r a ,  1 R of Triton-X@and 2 R of to luene .  
Observed r a d i o a c t i v i t y  w a s  cor rec ted  f o r  quenching by t h e  e x t e r n a l  s tandard  r a t i o  
method and by adding known q u a n t i t i e s  of  r a d i o l a b e l e d  compounds t o  each o f  t h e  f r a c -  
t i o n s  t o  be  counted. A l l  counts  were converted t o  d i s i n t e g r a t i o n s ,  p e r  minute. 

Data I n t e r p r e t a t i o n - - I d e n t i f i c a t i o n  of reso lved  components was achieved by comparing 
t h e  mass cracking p a t t e r n  of  t h e  unknown t o  an e i g h t  major peak index of mass spec- 
t r a  (14). I n d i v i d u a l  d i f f i c u l t  unknowns were submit ted t o  the  Cornel1 U n i v e r s i t y  
STIRS and PBM systems and/or  t h e  EPA MSSS System (Cyphernet ics)  f o r  i d e n t i f i c a t i o n .  
When a v a i l a b l e ,  a u t h e n t i c  compounds of t h e  t e n t a t i v e l y  i d e n t i f i e d  components w e r e  
ob ta ined  and chromatographed under i d e n t i c a l  condi t ions  on t h e  OV-101 o r  Carbowax 
20 M g l a s s  c a p i l l a r y  column. The e l u t i o n  t i m e  and temperature  f o r  t h e  a u t h e n t i c  
compounds was compared t o  t h e  unknown i n  order  t o  e s t a b l i s h  f u r t h e r  t h e  i d e n t i t y  of 
t h e  component. 

l i b r a r y  s p e c t r a  and/or  indexes of t a b u l a t e d  s p e c t r a  and t h e  e l u t i o n  t i m e  and tempera- 
t u r e  corresponded w i t h  t h a t  of a n  a u t h e n t i c  compound i d e n t i f i c a t i o n  w a s  p o s i t i v e .  
Confirmation was a l s o  provided by inf ra - red  s p e c t r a ,  p a r t i c u l a r l y  f o r  i somer ic  
forms. When t h e  i somer ic  form could n o t  be  d i s t i n g u i s h e d ,  the  name of t h e  compound 
as an isomer w a s  i n d i c a t e d .  I n  o t h e r  cases, only an empir ica l  formula could b e  
ass igned  s i n c e  t h e  mass cracking p a t t e r n s  of isomers w e r e  very similar and t h e  re- 
t e n t i o n  index could n o t  be  determined f o r  a l l  of t h e  isomers s i n c e  a l l  t h e  a u t h e n t i c  
compounds were n o t  a v a i l a b l e .  I n  some cases ,  a t e n t a t i v e  i d e n t i f i c a t i o n  w a s  ass igned  
when t h e  mass c racking  p a t t e r n  y ie lded  a "s imi la r"  match, and no r e t e n t i o n  index w a s  
a v a i l a b l e  for  t h a t  compound. 

Q u a n t i f i c a t i o n  of  V o l a t i l e s  and Semi-volatiles--The v o l a t i l e  and semi-vola t i le  com- 
pounds were q u a n t i t a t e d  by glc/ms/comp u t i l i z i n g  t h e  t o t a l  ion  monitor and, when 
necessary ,  mass fragmentography. I n  order  t o  e l i m i n a t e  t h e  need t o  o b t a i n  complete 
c a l i b r a t i o n  curves f o r  each compound f o r  which q u a n t i t a t i v e  informat ion  w a s  d e s i r e d ,  
w e  used t h e  method of r e l a t i v e  molar response (RMR) f a c t o r s .  This  method requi red  
informat ion  on t h e  e x a c t  amount of r e f e r e n c e  s tandard  added and t h e  r e l a t i o n s h i p  of 
t h e  RMR f o r  t h e  unknown t o  t h e  RMR of t h e  s tandard .  The method of c a l c u l a t i o n  w a s  
as follows: 

The radio-  

I d e n t i t i e s  w e r e  ass igned  on a graded s c a l e .  When observed mass s p e c t r a  matched 

2)  
Aunk/Molesunk 1 )  o r  Aunk/gunk/GMWunk 

RMRunknown/standard= Astd/Molesstd -unk/std - Astd/gstd/GMWstd 

A = Peak area 
g = number of grams p r e s e n t  

GMW = gram molecular  weight 

Thus, i n  t h e  sample analyzed:  Aunk' GMWunk' s t d  

gunk - As td'Gms td'RMRunk/s t d  
3)  

The va lue  of RMR i s  determined from a t  lea%t f i v e  independent analyses .  

Reference s t a n d a r d s ,  hexafluorobenzene (HFB) and per f luoro to luene  (PFT), were 
added (200 ng) a f t e r  t h e  v o l a t i l e  organics  were t rapped on t h e  Tenax GC c a r t r i d g e .  
On a n  OV-101 g l a s s  c a p i l l a r y  they  d i d  n o t  i n t e r f e r e  w i t h  t h e  a n a l y s i s  of unknown 
compounds. 
o r g a n i c  compounds. 

Q u a l i t y  Control  Procedures--To monitor t h e  p o s s i b l e  i n t r o d u c t i o n  of i m p u r i t i e s  from 
Lhe m a t e r i a l s  used i n  t h e  p u r i Z i c a t i o n  procedures ,  w e  used a reagent  and glassware 

Nitrobenzene-d5 (200 ng) w a s  used f o r  q u a n t i f i c a t i o n  of semi-vola t i le  
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control that incorporated blanks. 
available, but the quality was somewhat variable. Freon-TFQwhich was used for 
extraction of semi-volatiles was concentrated by a factor of 100 to determine the 
potential contaminants. This procedure was repeated with each new lot of Freon- 
TF@ . Deionized-distilled water was obtained by passing tap water through an ion 
exchange bed (No. 3508B, Corning Glass, Corning, NY), and a carbon adsorption cart- 
ridge (Hydro-Purge, Durham, NC) to remove trace elements and organic constituents, 
respectively, prior to its distillation. Water which was used for the dilution of 
the liquid samples was independently assessed for background contamination by sub- 
jecting it to the entire analytical procedure including gc/ms analysis. All glass- 
ware was cleaned with Isoclean (Isolab, Akron, OH), rinsed with deionized-distilled 
water, HC1, deionized water and then heated to 45O0-5OO0C to remove traces of 
organic compounds. 

brated and properly working. 
the performance of the entire high resolution gc/ms/comp system. 
tained non-polar, semi-polar and polar substances. 

High quality commercial reagents and solvents were 

Instrumental control was employed to insure that the entire system was cali- 
A 12 component reference mixture was used to evaluate 

The mixture con- 

RESULTS AND DISCUSSION 
Radiolabeled Recovery Studies-- (Volati1es)--Recovery of "C-acetone, acetonitrile, 
benzene and toluene from energy-related samples (in situ coal gasification) was 
determined. 
the recovery by this method was very low (%lo%). 
was %50%. On the other hand, the recovery of hydrocarbons, aromatics (benzene and 
toluene) and alkyl-aromatics was 280%. 
previously reported data (2-4). 

In general, the purging of volatile organics from an aqueous medium utilizing 
an inert gas was quantitative for compounds with boiling points z210° and <2% solu- 
bility and for compounds with boiling points of (150' with a solubility of (10% in 
water. The percentage recoveries which were determined for ketones, aliphatic and 
aromatic hydrocarbons, thiophenes and aldehydes, was used for calculating concen- 
trations of sample components. 

(Semi-Vo1atiles)--Percent recovery for selected radiolabeled compounds added to 
aqueous samples was also determined for the LL extraction method (Table 2). The 
observed percentage recovery represents an overall average prior to instrumental 
analysis. For toluene and dimethylbenzanthracene, essentially quantitative recovery 
was observed for the LL extraction method and the K-D concentration steps. 
titative recoveries for palmitic, hexanoic, and benzoic acids and phenol were also 
obtained. However, the highly water soluble butyric acid was not recovered. It was 
concluded that, for quantification of acids utilizing this LL extraction method, re- 
liable data could be obtained for acids containing four o r  more methylene units. 

efficiency. A recovery of %68% was observed for phenyl ethyl amine in the basic 
fraction with only minor amounts remaining in several other fractions. In contrast, 
the water soluble amine, 3-amino-1,2,4-triazole, could not be quantitatively extrac- 
ted. 

volatile compounds could be recovered by this LL extraction techn%que and retained 
in the receiver of the K-D apparatus. 
quantities of the individual semi-volatile acids, bases, and neutral compounds in 
the energy samples. 

For compounds which are highly soluble in water, e.&., acetonitrile, 
Recovery of T4C-labeled acetone 

These observations were consistent with 

Quan- 

Two bases were also subjected to the LL extraction method to determine its 

From these data, it was concluded that moderately water soluble and/or moderately 

These data were used for calculating the 

Quantification by GC/MS/COMP Using Relative Molar Response (RMR) Factors--The IWR of 
several aliphatic and aromatic compounds based upon the total ion current monitor 
are presented in Table 3. 
aliphatic hydrocarbons allow calculation of an "average W" for this chemical 
class. Thus, other compounds in the same chemical class €or which authentic stan- 
dards were not available could be quantified. 

As can be seen from these data, similar RMR's for the 
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Many a d d i t i o n a l  RMR's not  presented  i n  t h i s  t a b l e  were a l s o  determined and 
ca lcu la ted .  The RMR f a c t o r s  f o r  ketones,  a ldehydes,  thiophenes,  e t h e r s ,  amines, 
a n i l i n e s ,  a c i d s ,  e t c .  were determined f o r  t h o s e  compounds which were commercially 
a v a i l a b l e  and a n  "average RMR" v a l u e  f o r  each chemical c l a s s  w a s  used f o r  es t imat ing  
t h e  concent ra t ions  of compounds appearing i n  t h e  energy samples f o r  which a u t h e n t i c  
s tandards  were not  a v a i l a b l e .  

Table 4 p r e s e n t s  s e l e c t e d  examples of RMR f a c t o r s  based upon fragment ions .  
The RMR f a c t o r s  were determined f o r  two i o n s  u t i l i z i n g  mass fragmentography, and t h e  
concent ra t ion  of each compound i n  t h e  unknown sample was ca lcu la ted .  A s  f o r  t h e  
RMR's based upon t h e  t o t a l  i o n  c u r r e n t  monitor ,  t h e  RMR f a c t o r s  f o r  s e l e c t e d  frag-  

a v a i l a b l e  and i n  t h o s e  cases  where a u t h e n t i c  compounds were not  a v a i l a b l e ,  an 
"average RMR' va lue  w a s  c a l c u l a t e d  f o r  each homologous series. 

.merit i o n s  were determined f o r  those  a u t h e n t i c  compounds which were commercially 

Table  4. Examples of R e l a t i v e  Molar Response F a c t o r s  f o r  Severa l  
Compounds Based Upon Selec ted  Fragment Ionsa 

1st Ion  2nd I o n  
Compound Mw m / e  (1)  RMR m / e  (1) RMR 

Toluene 92 9 1  (100) 2.37 64 (13) 0.66 
- o-Xylene 106 105 (27) 3.46 5 1  (10) 0.39 
Anisole  108 108 (100) 1.19 65 (76) 1.30 
Acetophenone 120 105 (100) 1.97 120 (29) 1.27 
Naphthalene 128 128 (100) 1.92 5 1  (12) 0.18 
2-Pentanone 86 43 (100) 1 .98 57 (26) 0.14 

h values  were c a l c u l a t e d  r e l a t i v e  t o  m / e  186 (100) f o r  t h e  e x t e r n a l  s tandard ,  HFB. 

Mass Fragmentography--The technique of m a s s  fragmentography was u t i l i z e d  f o r  t h e  
q u a n t i f i c a t i o n  of v o l a t i l e  and semi-vola t i le  organics  when inadequate  r e s o l u t i o n  
e x i s t e d  f o r  t h e  t o t a l  i o n  c u r r e n t  monitor .  
i o n  chromatograms f o r  t h e  i n d i v i d u a l  components. Even though h igh  r e s o l u t i o n  g l a s s  
c a p i l l a r y  columns (SCOT'S) w e r e  used f o r  e f f e c t i n g  t h e  r e s o l u t i o n  of t h e  components 
i n  each mixture ,  t h e  s e p a r a t i o n  e f f i c i e n c y  of t h e  c a p i l l a r i e s  was inadequate  f o r  
ob ta in ing  b a s e l i n e  r e s o l u t i o n  f o r  every c o n s t i t u e n t  i n  t h e  sample. S ince  i t  was i m -  
p r a c t i c a l  t o  u t i l i z e  very  h i g h  r e s o l u t i o n  c a p i l l a r i e s ,  e.&. wall-coated open t u b u l a r  
(capac i ty  too  low) o r  very  long SCOT c a p i l l a r i e s ,  w e  chose t h e  mass fragmentographic  
technique t o  o b t a i n  s u f f i c i e n t  r e s o l u t i o n  f o r  q u a n t i f i c a t i o n  of t h e  i n d i v i d u a l  spe- 
c i e s .  

F igure  3 d e p i c t s  a mass fragmentogram f o r  s e v e r a l  s e l e c t e d  i o n s  f o r  t h e  vola- 
t i l e  organics  i n  product  w a t e r  (13L) from an i n  s i t u  c o a l  g a s i f i c a t i o n  experiment. 
Peaks labe led  1 (m/e 67) ,  2 and 3 (m/e 114). 4 (m/e 71 ) and I (m/e 186) represent  
t h e  compounds p y r r o l e ,  2-octane,  2-heptanone and PFT, r e s p e c t i v e l y .  Addi t iona l  i o n  
chromatograms w e r e  a l s o  obtained f o r  t h i s  and o t h e r  samples which al lowed t h e  quan- 
t i t a t i o n  of  e s s e n t i a l l y  a l l  of t h e  components t h a t  were i d e n t i f i e d .  

GC/FT-IR/COMF'--The a c i d  f r a c t i o n  of an aqueous sample w a s  a l s o  analyzed by g c / f t -  
ir/comp. 
is shown i n  F igure  4. Inf ra - red  s p e c t r a  f o r  peaks 6,  8, 10, 12 and 14 i n  F igure  4 
confirmed t h e s e  compounds as methyl benzoate ,  methyl hexanoate (Fig. S), methyl 
heptanoate ,  methyl oc tanoate  and methyl nonanoate, r e s p e c t i v e l y  (15,16). F igure  6 
i s  an i r  spectrum of phenol  which had been a l s o  i d e n t i f i e d  by gc/ms/comp. 
peak from 300-3500 cm-l due t o  molecular  hydrogen bonding observed i n  condensed 
phase s p e c t r a  (15) is absent  i n  t h i s  gas  phase system. The two peaks between 1175- 
1300 cm-1 r e p r e s e n t  symmetric and asymmetric CO s t r e t c h i n g  bands. I n  condensed 
phase s p e c t r a ,  t h i s  i s  a broad s i n g l e  band (15) .  Peaks 18, 22, and 23 were i d e n t i -  
f i e d  a s  m e t h y l - r t o l u a t e ,  3,5-dimethylphenol and 2 - c r e s o l ,  r e s p e c t i v e l y  a f t e r  
examining t h e i r  i r  s p e c t r a .  

Sample Composition-Tables 5 and 6 p r e s e n t  t h e  v o l a t i l e  and semi-vola t i le  organics  
charac te r ized  and q u a n t i f i e d  i n  an aqueous sample from i n  s i t u  coa l  g a s i f i c a t i o n  

Addi t iona l  s p e c i f i c i t y  w a s  ob ta ined  wi th  

The flame i o n i z a t i o n  chromatogram obta ined  s imultaneously w i t h  i r  s p e c t r a  

The broad 
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Table 5. V o l a t i l e  Organics i n  Produced Water (-13L) From 
Well 5-6 I n  S i t u  Coa l  G a s i f i c a t i o n  (LERC, ERDA) 

Chromato- Elvrion 
graphic Temp. Compound PPb 
Peak No. ('C) 

1 
2 

2A 
3 
6 

7 

9 

11 

13 

15 

16 

16A 

1 7  

18 

18A 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

31 
32 

33 

34 
35 
36 

36A 

37 

38 

39 

4 OA 

40 

41 

42 

4 3  

44  

42 co2 
45 carbonyl s u l f i d e  

48 1-butene 

49 E-butane 

61-3 acetone 

61-4 a c e t o n i t r i l e  

70 Carbon d i s u l f i d e  

77 p r o p i o n i t r i l e  

82 methyl erhyl  ketone 

88 i s o b u t y r o n i t r i l e  

92 perf luororoluene (el) 

96 methyl isopropyl  ketone 

98 benzene 

1M) p-bury ron i r r i l e  

101 Lhiopheaie 

104 2-pentanone 

106 )-penranone 

112 O-methy lbuzyrmi t r i l e  

115 N-methylpyrrole 

116 4-methyl-2-penLmone 

118 py r ro l e  

121 p -penry lo i c r i l e  

123 toluene + methylchiophene 

+ pyr id ine  

124 3-hexanooe 

125 cyclopentaoone 

127 n-ocrane 

133 s u l f u r  compound ( 7 )  

135 3-merhylpyrrole 

138 2-methylcycl0penL~n0ne 

+ 2-merbylpyrrole 

140 merhylpyridiae isomer 
141 C9HZ0 isomer 

143 echylbenrene 

144 Caml6 isomer 

146 p x y l e n e  

148 2.4-dimerhylrhi~phcne 

149 2-hepcanone 

151 2.3-dime~hylchiophene 

1 5 2  s ty rene  + C9H18 isomer 

153 %-xylene 

155 E-nonane + 
dfn r rhy lpyr id inc  isomer 

157 dimethylpyridine + 
C9H18 isomers 

158 dimethylpyrrole  isomer 

NQ 

NQ 

NQ 

NQ 

1243t0 

620?60 

NQ 

382247 

645133 

5 3 t l 6  

5525 

60716 

267fU 

62Oi6 

1 2 4 t l l l  

5 5 t 0  

32 t9  

2 0  
148t80 

208t21 

5 x 0  

5562200 
222224 

2 x 8  

3 2  9 

li0 

NQ 

4614 

lo> 10 

2 4  2 

12w 11 

17 t7  

2 2 2 2 7  

4+0.3 
56lf60 

153 0 

520 

5 b 3  

llbll 

472t37 

39 t l2  

74 t l5  

41717 

7'1 

(cc 

Ppb 
,romato- Elurion 
raphie Temp. Compound 

45 

46 

47 

48 

49A 

49 

50 

51 
52 

52A 

53 

5% 

54 

56 

57A 

57 

58 

58A 

59 

60 

61 

61A 

62 

63 

6% 

64 

65 

66 

67 

68A 

69 

70 

7 1  

7 1  

72 

7 3A 

73 

nued) 

160 isopropylbenzene 1 2 0  

160 

161  

163 

165 

161 

168 

169 

170 

170 

171  

172 

172 

173 

175 

177 

178 

180 

182 

C10H20 isomer 20927 

Cl0Hl8 ieomer 5 t O  

C - a lky l  cyclohexane 5732 

illmer 

C10H22 iaomer 2728 

CloHz0 isomer U t 5  

o-propylbenrenne 2813 

cloH20 + rrimerhylcyclohexane 96214 

m-echyltoluene 184f16 

p e t h y l r d u e n e  bl-' 7 

2-isopropylthiophene 38*16 

C10~20 + Cl0B2, isomers 2120.3 

Crimethylpyridine isomer 4W2 

isomers 

eyanobenzene 4 e 5  

o-erhylroluene 67t17 

CloHZO isomer 30t2 

o-methylsryrene + C10H20 349t42 

1 .2 ,4 -c r~e rhy lbenrene  + 267227 

n-decane + benzofuran 111t16 - 
1120.6 ClOH20 + 

Crlmethylthiophene isomers 1520 

184 C -a lkyl  benzene isomer 

186 C4-alkyl benzene isomer 

187 C - a lky l  pyridine isomer 

189 lndan 

190 phenol 

181  indene 

192 C4-alkyl benzene isomer 
193 C4-d ty l  benzene isomer 
193 CllH14 isomer 

195 C4-alkyl benzene isomer 

197 C4-alkyl benzene i~omer 

198 C11HZ2 + C4-alkyl benzene 

201 C -a lkyl  benzene isomer 

203 roerhylbenrofuran isomer 

205 p c r e s o l  

206 Cq--81kyl benzene isomer 

207 dimerhylindan isomer 

208 c -alkyl  benzene 

+ %-cresol 

i(iomer* 

isomer 

209 c -alkyl  benzene isomer 

210 mefhvlindan isomer 

6+ 2 

9?3 

15'3 

ne33 
NQ 

2 7 2 3 2  

7 1 t  20 

20 +7 

5 7 5  

22:11 

NQ 

95232 

139r21 

2 0 = 4  

w 
12'6 

47?3 

69211 

12: 1 

1 2 6 t l 5  

I 

1, 

e 

rn' 
I' 
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Table 5 
Chrozlco- Elvilon 
Braphlc Ten). Compound PPb 
Peak sa. ('C) 

Eluclon Temperature 
('C) Compound PPb 

731 
741 

74 

75 
76 

7 M  

77 

78 

79 

79A 

80 
81 

82 

83 

84 

85 

86 

87 

88 

89 
90 
92 

Elution Temperature 
('0 Compound PPb 

211 C 1 p 2 6  + merhylindene ismerr 184216 

212 C10H12 + C,-alkyl benzene isomers 6)+15 

213 merhylindene ismer 196231 

215 dimethylphenol + C -alkyl NQ 

212 C5-alkyl benzene isomer 1221 

benzene isomers 

216 C5-alky1 benzene isomer T 
217 dimethylinden Isomer T 
218 I-dodecene 132s 

200 c-dodecene 86+_8 

221 naphthalene 640132 

2 2 2  dimerhylindan + C6-alkyl I 6 e l 5  

benzene isomers 4225 

benrorhiaphene 11826 
224 dimethylbenzofuran inaner 148222 

225 CI2Hl6 + C -alkyl benzene isomers 5 e 4  

228 dimethylindene + C6-alkyl 1727 

227 CllH14 isomer 1120 

benzene isomers 

229 trimerhylindan isomer 2 2 5  

230 C1,HZ8 isomer NQ 
231 CllH14 + C -alkyl benzene isomers NQ 
232 dimerhylindene + C14HJ0 isrmers 5 e l O  

213 dimerhylindan + dimerhyl- 128+11 

235 I-rridecene + rrimerhyl- 129.; 

237 z-tridecane 222211 
238 rrimethyllndan isomer l l s + l S  

indene isomer8 

inda? isomer 9427 

240 0-mefhvlnaphrhalene 162+16 

con t  ' d) 

graphic Iemp. Compound ppb 
Chrm%aro- Elurlon 

Peak KO. ('C) 

93 iso, 

94 

95 
96 

97 

98 

99 

9911 
100 

101 

102 
103 

104 
105 

106 
107 

108 
109 

111 

112 
113 
114 

115 

117 
119 

1191 

120 

mal B-methylnaphthalene 

2- isopr0pylbtni imida2ale  

( r e n t . )  

C13H18 isomer 
C14H30 isomer 

n-heprylbenrene 

C15H32 isomer 

1-rerradocene 

biphenyl 
n-retradecane 

C13H18 lSomel 

eihylnaphrhalene isomer 

dimethylnaphthalene isomer 

dimechylnaphrhalene isomer 

dimethylnaphthalene isomer 

C16H32 isomer 
dimethylnaphthalene isomer 

ethylnaphthalene isomer 
5-penradecane 
scenaphrhene 

iiopropylnaphrhalene isomer 

C18HZ8 isomer (rent.) 

CI4HIO isomer 
trimethylnaphthalene isomer 

C -alkyl naphthalene isomer 

C -alkyl naphrhalene isomer 

methyl acenaphihene isomer 

C -alkyl naphthalene isomer 

34527 

2s22 

1 1 5  

" x 4  

2621 

2126 

4 724 

114212 
129214 

1627 

3 y 9  

10of12 

19H_17 

13sf52 

26211 
47214 

6 y 2 l  
T 

61229 

T 
,125 

721 

e_' 
720 

1523 
T 

97 

98 

99 

99 

100 
101 
101 

101 

102 

103 
103 
104 

104 

105 

101 

106 

106 

C5H12 isomer 

methyl erhyl ketone 

methyl isopropyl ketone 

propanal 

benzene 

n-butam1 

2-penranone 

:-butyric acid 

4-methyl-2-pentanone 

isopenlsnoic acid 
3-methyl- Z-penranonc 

:-propionicri1e (tent.) 

C5Hlo02 carboxylic acid 

COl"E"E 

>hexanone 

C5H1002 carbonylic acid 

Z-nerhyl-l.2-dioranc 

NQ 
NQ 

NQ 
NQ 
156 

NQ 
1170 

90 
80 

170 
110 
130 

42 

90 
T 
T 

T 

(continued) 

151 

107 
107 
107 
108 

109 
110 
111 

112 

112 
113 
114 
116 

117 
118 

119 

119 

2-hexanone 

:-penrsnoic acid 
2-merhylpenrsnoic acid 

O-~ethylbuiyrOniTrilC 

2-buryronirrile 

C7H140 isomer 
ethylbenzene 

pXYle"e 

isohexanoic acid 

CZ-alkyl benzene isomer 
unknown 

n-hexanoic acid 

s-rlle"e 
"-pentylnitrile 

cyclopenrMOne 

methylcyelopentanonc + 2- 
propylbenrene 

140 

1060 

260 
T 
84 
T 
T 

I 4 0  

190 

T 
BQ 
1470 

66 
T 
48 

T 



Table 6 (cont 'd )  

120 
121 

122 

121 

121 

128 

112 
116 

141 

1 4 s  

119 

151 

156 

lS6 
IS7 

c H 0 c3rboxylic acid 
2-n-penry1iursn 

c H 0 Isomer 

c 11 0 carboxylic arid 
irohrpranoic x l d  

- n-hsprnnoic acid 
- n-bufplbenrene 
. 3 " l * D l e  

n-ocianoic acid 

- n-pentylbenzene 
p c r e s y l  methyl ether 
dimerhylpyridine + merhylethy 

8 16 2 

6 IO. 
8 16 2 

pyridine isomer 

C10H12 isomer 

indene 

o"rrDle 

T 
T 

48 

18 

IO 
870 

18 

100 

110 

T 
18 

1- 
12 

T 
96 
270 

C l u l l o "  lem.er.lL"re 
("CI Compound PPb 

IS8 benzofuran 90 
189 d -nlrrobenzene (e?) 

201 rni1,ne 1460 

204 dimethylphenol Isomer 990 

215 phenol + c ~ e w ~ l  Isomer 270000 
217 dlnerhjlphenol isomer 600 

220 ethylphenol Isomer 18 

221 dlnerhylphcnol isomer 60 

222 cresol  isomer 850 

221 Cresol 1roner 10200 

227 C - a l k y l  Dhenol iscaer 110 

221 C -alkyl ehenol 158aer 180 

229 C -alkyl phenol 1so;cr 830 

211 dimcrhylphenol ironer 7800 

21s C - a l k y l  phenol I somer  6 

211 C,-alkyl phenol ironer 8100 
~~~ ___ 

(Hanna, WY). Many compounds conta in ing  s u l f u r  ( thiophenes,  mercaptans, s u l f i d e s ,  
e t c . ) ,  n i t rogen  ( n i t r i l e s ,  pyr id ines ,  a n i l i n e ,  e t c . ) ,  oxygen (aldehydes, ke tones ,  
a c i d s ,  phenols, e t c . )  were p r e s e n t .  Many hydrocarbons and aromatic  compounds were 
a l s o  i d e n t i f i e d .  

b e  powerful complementary tools f o r  t h e  c h a r a c t e r i z a t i o n  of energy samples when used 
w i t h  t h e  descr ibed  sample p r e p a r a t i o n  procedures .  

REFERENCES 

The techniques of  g l a s s  c a p i l l a r y  gclmslcomp and gclf t - i r lcomp were found t o  

1. 

2. 

3. 
4. 
5. 
6. 

7. 

8. 

9. 

10. 

11. 

1 2 .  
13. 

Ayer, F. A . ,  Symposium Proceedings:  Environmental Aspects of Fuel  Conversion 
Technology (May 1974, S t .  Louis ,  Missour i ) .  P u b l i c a t i o n  No. EPA-650/2-74- 
118, October 1974. 

B e l l a r ,  T. A. and J. J. Lichtenberg.  "The Determinat ion of V o l a t i l e  Organic  
Compounds at  t h e  pg/% Level  i n  Water by Gas Chromatograph", EPA Rept. No. 
65014-74-009, November, 1974. 

Z l a t k i s ,  A . ,  H. A. L i c h e n s t e i n  and A. Tishbee,  Chromatographia, 6 ,  67 (1973). 
Dowty, B . ,  D. Carlisle,  J. L. Laseter and J. S t o r e r ,  Science,  18j, 75 (1975). 
P e l l i z z a r i .  E. D . ,  EPA Q u a r t e r l y  No. 2,  Contract  No. 68-03-2368, J u l y ,  1976. 
P e l l i z z a r i ,  E. D. ,  J. E. Bunch, B. H. Carpenter  and E. Sawicki, Environ. S c i .  

P e l l i z z a r i ,  E. D . ,  B. H. Carpenter ,  3. E. Bunch and E .  Sawicki, Environ. S c i .  

P e l l i z z a r i ,  E.  D. 

Tech., 2, 552 (1975). 

Tech., 2, 556 (1975). 

Ambient Atmospheres". P u b l i c a t i o n  No. EPA-65012-74-121, Cont rac t  No. 68-02- 
1 2 2 8 ,  J u l y ,  1974. 

Carcinogenic  Vapors". P u b l i c a t i o n  No. EPA-600/2-75-076, Cont rac t  No. 68-02- 
1228, 1 8 7  pp. ,  November, 1975. 

P e l l i z z a r i ,  E. D. 
pheres". P u b l i c a t i o n  No. EPA-60017-77-055, Contract  No. 68-02-1228, 228 pp. ,  
June, 1977. 

P e l l i z z a r i ,  E.  D. 
and Mass Spectroscopy". P u b l i c a t i o n  No. EPA-600/2-77-100, June, 1977. 

Fa les ,  H. M . ,  T. M .  Jaouni  and J. F. Babashale, Anal. Chem., 45, 2302 (1973). 
P e l l i z z a r i ,  E. D. " I d e n t i f i c a t i o n  of Components of Energy-Related Wastes and 

"Development of Method f o r  Carcinogenic Vapor Analys is  i n  

P e l l i z z a r i ,  E.  D. "Development of A n a l y t i c a l  Techniques f o r  Measuring Ambient 

"The Measurement of Carcinogenic  Vapors i n  Ambient Atmos- 

"Analysis  of Organic A i r  P o l l u t a n t s  by Gas Chromatography 

Eff luents" .  EPA Cont rac t  No. 68-03-2368, 500 pp . ,  October, 1977. 

152 



14. Eight  Peak Index of Mass Spectra .  Vol. I (Tables 1 and 2 )  and I1 (Table 3)  

15. S i l v e r s t e i n ,  R. M . ,  G .  C .  Bass le r  and T .  C.  M o r r i l l ,  "Spectrometr ic  I d e n t i f i -  
Mass Spectrometry Data Centre ,  A W E ,  Aldermaston, Reading, RG74PR, UK, 1970. 

c a t i o n  of Organic  Compounds, 3rd Ed., John Wiley & Sons, New York, NY, 
1974, 339 pp. 

16. S a d t l e r  Research Labora tor ies ,  "Catalog of  I n f r a r e d  Spectra" ,  P h i l a d e l p h i a ,  
PA. 

ACKNOWLEDGEMENT 

The a u t h o r s  wish t o  thank M s .  A.  Alford of t h e  Environmental Research Labora- 
t o r y ,  U. S .  Environmental P r o t e c t i o n  Agency, Athens, GA for h e r  h e l p f u l  a s s i s t a n c e  
and encouragement throughout  t h e  program. 

This  research  was supported by EPA Contract  No. 68-03-2368 of HEW. 

153 



F i g u r e  1. Purge appara tus  f o r  v o l a t i l e  organics .  

I----- _ _ _ - _ _ _ _ _  

I 

I VALVE POSITION A I 1 ISAMPLE DESORPTION1 I 

I VALVE POSITION 0 I i ( S U R E  INJECTION1 I 

Figure  2. I n l e t  manifold f o r  recovery of  v o l a t i l e  organics  from Tenax CC@ 
c a r t r i d g e s .  

154 



:i- .:. .1. .1.' '-77- I-.-, ,,._ 
M*I sprerrm NO. 

Figure 3.  Mass fragmentograms of aqueous sample from i n  s i t u  c o a l  g a s i f i c a t i o n .  

Figure 4 .  Flame i o n i z a t i o n  chromatogram f o r  organic  a c i d  f r a c t i o n  obta ined  
dur ing  i r  s p e c t r a l  a c q u i s i t i o n .  

Figure 5. Ir spectrum of peak No. 8 i n  F igure  6. Ir spectrum of peak No. 
2 1  in Figure  4 .  Figure  4 .  
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Aqueous E f f l u e n t s  From t h e  SYNTHOIL Process 

Sayeed Akhtar, Nestor J. Mazzocco and Paul  M. Yavorsky 

Department of Energy 
P i t t sbu rgh  Energy Research Center 

4800 Forbes Avenue 
P i t t sbu rgh ,  PA 15213 

INTRODUCTION 

Conversion of coa l  t o  an  environmentally acceptab le  u t i l i t y  f u e l  i s  a h igh  
p r i o r i t y  ob jec t ive  of t h e  Department of Energy. Work on seve ra l  processes designed 
t o  convert  coal t o  a low-sulfur,  low-ash l i q u i d  or s o l i d  f u e l  is in progress .  One 
such process  under development is t he  SYNTHOIL process  using d i r e c t  hydroliquefac- 
t i on .  A u n i t  of 1/2 t o n  of c o a l  s l u r r y  per day capac i ty  has been i n  opera t ion  f o r  
over  t h r e e  years,  and a l a r g e r  process development u n i t  of 1 0  tons  of coa l  pe r  day 
capac i ty  i s  under cons t ruc t ion .  The aqueous e f f l u e n t s  from a conceptually i n t e g r a t e d  
commercial SYNTHOIL p l a n t  a r e  reviewed i n  t h i s  p re sen ta t ion  and the a n a l y t i c a l  
resul ts  f o r  the one aqueous e f f l u e n t  a v a i l a b l e  from t h e  e x i s t i n g  1 / 2  t o n  p e r  day 
SYNTHOIL u n i t  a r e  presented. 

PROCESS DESCRIPTION 

Figure  l i s  a flow s h e e t  of t h e  SYNTHOIL process.  Hydrogen and a s l u r r y  of pul- 
ve r i zed  coa l  i n  a recyc le  oil a r e  preheated and passed through a turbulent-flow, 
fixed-bed reac tor  packed wi th  p e l l e t s  of Co-Mo/SiO2-Al2O3 c a t a l y s t .  
provides vigorous contac t ing  of t h e  gas-slurry mixture which l eads  t o  h igh  conversion 
i n  sho r t  res idence  time. 
a t  which condi t ion  coa l  is converted t o  l i q u i d  hydrocarbons whi le  s u l f u r ,  n i t rogen  and 
oxygen a r e  e l imina ted  as HzS, NH3 and H20 r e spec t ive ly .  
r e a c t o r  is cooled to  250' F and l e d  t o  a gas disengager where l i q u i d s  and unreacted 
s o l i d s  a r e  separated from gases and vapors. The l i q u i d  stream is passed through a 
c e n t r i f u g e  t o  remove t h e  unreac ted  s o l i d s  cons i s t ing  of mineral  mat te r  and uncon- 
ve r t ed  coa l .  The cent r i fuged  l i q u i d  is a low-sulfur, low-ash f u e l  o i l .  A po r t ion  
of t he  whole cent r i fuged  l i q u i d  is recycled t o  convey more coa l  i n t o  the  p l a n t  whi le  
t h e  rest of i t  is a v a i l a b l e  as t h e  n e t  product.  
is obtained by pyrolyzing t h e  s o l i d s  from t h e  cen t r i fuge .  The res idue ,  o r  char,  from 
pyro lys i s  i s  gas i f i ed  t o  produce hydrogen f o r  t h e  process.  

The turbulence  

The r e a c t o r  i s  operated a t  2,000 t o  4,000 p s i  and 450" C ,  

The product s t ream from the  

An a d d i t i o n a l  quan t i ty  of f u e l  o i l  

The gases f r o m t h e  gas  d isengager  a r e  contacted wi th  water at p l a n t  p ressure  t o  
d i s so lve  ammonium s u l f i d e ,  cooled and l ed  t o  a second gas disengager where t h e  scrub 
water and any organic  condensates a r e  separa ted  from gases. 
densa tes  is combined wi th  t h e  l i q u i d  products from t h e  f i r s t  gas disengager whi le  t h e  
aqueous l aye r  i s  a waste stream. In add i t ion  t o  t h e  scrub  water ,  this waste stream 
w i l l  a l s o  conta in  any water  going i n  wi th  coa l  or formed chemically dur ing  l iquefac-  
t i o n .  The gas from the  second disengager is f u r t h e r  p u r i f i e d  by washing wi th  an o i l  
t o  remove hydrocarbon vapors,  and then  with an  amine t o  remove a c i d  gases.  The pur i -  
f i e d  gas is combined wi th  make-up hydrogen and is recycled t o  t h e  r eac to r .  The gas 
p u r i f i c a t i o n  is conducted a t  t h e  p l a n t  pressure  t o  minimize t h e  cos t  of r ecyc l ing  t h e  
p u r i f i e d  gas. 
a conventional Claus p l a n t .  

The l aye r  of organic  con- 

The H2S recovered by amine wash i s  converted t o  e lementa l  s u l f u r  i n  

Resu l t s  from ope ra t ion  of a 1 / 2  ton per day SYNTHOIL u n i t  a r e  repor ted  in  (1,2,3). 

p' 

I, 
I' 
I 
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AQUEOUS EFFLUENTS' 

The aqueous e f f l u e n t s  from a commercial SYNTHOIL p l a n t  w i l l  c o n s i s t  o f  t h e  
following : 

1. Rain run-off from t h e  c o a l  s to rage  and handl ing a rea ;  

2. 

3. 

Water evolved from c o a l  during drying and pu lve r i za t ion ;  

A combined s t ream of r e a c t o r  gas scrub water ,  t h e  r e s i d u a l  water 
i n  t h e  pu lve r i zed  c o a l  introduced i n t o  t h e  r e a c t o r ,  and t h e  
wa te r  produced chemically during coa l  hydrogenation; 

Gas scrub water  and chemically produced water from t h e  pyrolyzer  
f o r  t h e  cen t r i fuged  s o l i d ;  

4. 

5. Aqueous e f f l u e n t s  from t h e  char  g a s i f i e r  f o r  hydrogen product ion;  

6. A waste water  s t ream from t h e  Claus r eac to r .  

E f f luen t  1 w i l l  be obviously i n t e r m i t t e n t  wh i l e  e f f l u e n t s  2 t o  6 w i l l  b e  con- 
t inuous.  

E f f luen t s  from maintenance ope ra t ions ,  e.g. b o i l e r  blowdowns, demineral izer  d i s -  
charges,  cool ing tower blowdowns and sewage t reatment  f a c i l i t y  discharges a r e  n o t  in-  
cluded i n  t h i s  d i scuss ion .  

Rain Run-Off 

E f f luen t  1, t h e  r a i n  run-off,  w i l l  be s i m i l a r  t o  mine drainage which has  been a 
sub jec t  of considerable  r e sea rch  (4,5,6) .  The run-off w i l l  contain suspended coa l  
p a r t i c l e s ,  l eacha te s  from coa l ' s  mineral  mat ter ,  and s u l f u r i c  ac id .  I ron  p y r i t e ,  a 
mineral  almost always p re sen t  i n  c o a l ,  r e a c t s  with atmospheric oxygen i n  t h e  pre- 
sence of water  t o  form fe r rous  s u l f a t e  and s u l f u r i c  a c i d  according t o  t h e  following 
react ion:  

2FeS2 + 702 + 2H20 + 2FeS04 + ZH2S04 1 )  

Ferrous s u l f a t e  is n o t  a s t a b l e  product.  
with oxygen and s u l f u r i c  a c i d  as fol lows:  

It ox id izes  t o  f e r r i c  s u l f a t e  by r eac t ing  

4FeS04 + 2H2SO4 + 02 + 2 F e 2 ( S 0 ~ ) 3  + 2H20 2) 

Reaction 2 w i l l  appear t o  be welcome inasmuch a s  s u l f u r i c  ac id  is consumed the re in  
bu t  t h e  r e l i e f  is short- l ived:  
s u l f u r i c  ac id ,  t h e  former p r e c i p i t a t i n g  o u t  a s  "yellow boy". 

f e r r i c  s u l f a t e  hydrolyzes t o  f e r r i c  hydroxide and 

Fe2(S01+)3 + 6H20 + 2Fe(OH)3 + 3H2S04 3) 

The sequence of r e a c t i o n s  1, 2 and 3 is not  t h e  only mechanism f o r  t he  formation of 
s u l f u r i c  ac id .  I r o n  p y r i t e  may r e a c t  with oxygen, i n  t h e  absence of water,  as 
follows: 

FeS2 + 302 -+ FeS04 + SO2 4) 

The f e r rous  s u l f a t e  produced i n  r e a c t i o n  4 may con t r ibu te  t o  t h e  formation of su l -  
f u r i c  ac id  by way of r eac t ions  2 and 3. Ferrous s u l f a t e  may a l s o  be  formed by a re- 
a c t i o n  of f e r r i c  s u l f a t e  and i r o n  p y r i t e .  It has been claimed t h a t  microorganisms 
may have a r o l e  i n  t h e  formation of  s u l f u r i c  a c i d  from i r o n  p y r i t e  by ca t a lyz ing  one 
or more of t h e  above r e a c t i o n s  (6,7).  
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An obvious s o l u t i o n  t o  t h e  problem of t h e  r a i n  run-off from t h e  c o a l  s t o r a g e  
and handl ing  a rea  of a SYNTHOIL p l a n t  w i l l  be t o  s t o r e  and handle  coa l  under a shed. 
This  s o l u t i o n ,  however, may b e  too  c o s t l y  i n  which case the  run-off w i l l  be  t r e a t e d  
i n  t h e  same manner a s  a c i d  mine dra inage .  The most developed process  f o r  t r e a t i n g  
a c i d  mine dra inage  cons i s t s  o f  n e u t r a l g a t i o n  yt_Fh l i m e ,  o r  l imes tone ,  followed by 
a e r a t i o n  t o  f a c i l i t a t e  ox ida t ion  of Fe t o  Fe . The water i s  then  impounded i n  
a lagoon f o r  "yellow boy" t o  s e t t l e  ou t .  A 1  and Mg, f r equen t ly  p re sen t  as d isso lved  
s a l t s  i n  mine dra inage ,  a l s o  s e t t l e  o u t  as hydroxides.  The hydroxides of Fe, A l ,  
and Mg are very ge l a t inous  and b r ing  down wi th  them suspended p a r t i c l e s  of c o a l  o r  
any o t h e r  i n so lub le  matter. The c l ean  water, although f r e e  from t h e  contaminants 
o r i g i n a l l y  p re sen t  i n  i t ,  is now s a t u r a t e d  w i t h  calcium s u l f a t e  which has  a so lub i l -  
i t y  of about 0 .3  g/100 m l  of co ld  water. 
i n  n a t u r a l  waterways and p re fe rab ly  dur ing  pe r iods  of h igh  flow t o  f a c i l i t a t e  r ap id  
d i l u t i o n  of t he  calcium s u l f a t e .  The water may be rendered s u i t a b l e  f o r  i n d u s t r i a l  
use by secondary t rea tment ,  e.g. r eve r se  osmosis o r  ion-exchange, b u t  a t  a consider- 
a b l e  c o s t  as of now. 
d i r e c t l y  wi th  a c i d  mine dra inage  (8). 

Water From Coal Drying 

It i s  t h e r e f o r e  r e l eased  on ly  i n t e r m i t t e n t l y  

Reverse osmosis and ion-exchange have been inves t iga t ed  a l s o  

The feed  t o  a SYNTHOIL r e a c t o r  i s  a s l u r r y  of c o a l  i n  r e c y c l e  o i l .  For a s t a b l e  
s1urry;coal is pulver ized  t o  approximately 70 p c t  through 200 mesh and 100 p c t  through 
50 mesh,U.S.  s tandard s i eves .  E f f i c i e n t  pu lve r i za t ion  t o  t h i s  f i neness  i s  not prac- 
t i c a b l e  i f  coa l  conta ins  more than  3 p c t  moisture.  
t h i s ,  they  must be d r i ed  f o r  pu lve r i za t ion .  I n  i n d u s t r i a l  p r a c t i c e ,  d ry ing  and pul- 
v e r i z a t i o n  a r e  conducted s imul taneous ly  by pass ing  a h o t  gas  through t h e  pu lve r i ze r .  
The gas  a l s o  l i f t s  t h e  pu lve r i zed  c o a l  from t h e  m i l l i n g  chamber t o  a c l a s s i f i e r  from 
where t h e  ove r s i ze  p a r t i c l e s  are re turned  t o  t h e  m i l l  whi le  t h e  c o a l  of des i r ed  par- 
t i c le  s i z e  range i s  conveyed, by t h e  gas ,  t o  a cyclone sepa ra to r .  The cyclone separ- 
ates t h e  en t r a ined  c o a l  from t h e  gas,  a f t e r  which a p o r t i o n  of t h e  gas  is vented  t o  
purge moisture whi le  t h e  ba l ance  i s  mixed wi th  a supply of h o t  make-up gas  and re turned  
t o  t h e  pu lve r i ze r .  In  e s t ab l i shmen t s  of good housekeeping, t h e  gas i s  f i l t e r e d  through 
a baghouse before  vent ing .  

The SYNTHOIL process i s  des igned  p r imar i ly  f o r  h igh-su l fur  c o a l s  from t h e  e a s t e r n  p a r t s  
of t h e  United S t a t e s ,  which conta in  6 t o  12  p c t  moisture.  Assuming average mois ture  
con ten t s  of 8 p c t  and 3 p c t  i n  t h e  c o a l  be fo re  and a f t e r  p u l v e r i z a t i o n  r e spec t ive ly ,  
approximately 12,500 gph of w a t e r  w i l l  be r e l eased  from the  coa l  i n  a SYNTHOIL p l a n t  
process ing  25,000 tons  of c o a l  p e r  day. 
verized-coal-consuming p l a n t s  t o  condense and c o l l e c t  t h e  water r e l eased  by c o a l  dur- 
i n g  the combined dry ing  and p u l v e r i z a t i o n  opera t ion ,  i n  t h e  c o a l  l i q u e f a c t i o n  p l a n t s  
of t h e  f u t u r e  it may be  necessa ry  t o  c o l l e c t  t h i s  water t o  conserve t h e  resource .  
formation on t h e  contaminants t o  be expected i n  t h i s  water is n o t  a v a i l a b l e  bu t  i t  
may b e  surmised t h a t  t h e  condensed stream w i l l  conta in  p a r t i c u l a t e  contaminants and, 
poss ib ly ,  t r a c e s  of  o rgan ic  compounds r e l eased  from t h e  c o a l  a t  t h e  tempera ture  of 
dry ing .  

Reactor G a s  Scrub Water (Sour Water) 

Since most c o a l s  conta in  more than  

Although a t  p re sen t  no e f f o r t  i s  made i n  pul- 

In- 

The o r i g i n  of t h i s  e f f l u e n t  is expla ined  i n  t h e  s e c t i o n  on process  desc r ip t ion .  
I n  a d d i t i o n  t o  t h e  water i n j e c t e d  i n t o  t h e  gas  s t r e a m  t o  d i s s o l v e  o u t  ammonium s u l f i d e ,  
t h e  e f f l u e n t  w i l l  also con ta in  t h e  process  make water, organic  condensates,  and t h e  
en t r a ined  contaminants i n  t h e  r e a c t o r  gas. 
TPD SYNTHOIL un i t  is given  i n  t a b l e  1. For purposes of comparison, a n a l y s i s  of t h e  
i n f l u e n t  water i s  a l s o  inc luded  i n  t h e  t a b l e .  
where t h e  gas was scrubbed w i t h  d i s t i l l e d  water and t h e  o t h e r  where t h e  gas  was 
scrubbed wi th  a d i l u t e  s o l u t i o n  of NaOH i n  d i s t i l l e d  water. I n  each case ,  t h e  e f f l u -  
e n t  w a s  a n  emulsion which underwent a rap id  b u t  p a r t i a l  c l a r i f i c a t i o n  i n  2 t o  4 hours,  

An  a n a l y s i s  of t h i s  e f f l u e n t  from t h e  1/2 

Two sets of da t a  are presented ,  one 
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TABLE 1.- Analysis of SYNTHOIL r e a c t o r  gas  scrub  water (sour water )  

Gas Scrubbed With 
D i s t i l l e d  Water 

Group A Analyses I n f l u e n t  

To ta l  carbon, mg/l ............ 
Tota l  inorganic  carbon, mgll  .. 
Tota l  organic  carbon, mgll  .... 
Chemical oxygen demand (COD), 

mgll  ....................... 
Phenol, mgl l  ................. 
SCN; mg/l ..................... 
CN; mgl l  ..................... 
Suspended s o l i d s ,  mgl l  ........ 
pH- ........................... 
C1, mgll ..................... 
NH3, mgll .................... 
Biochemical oxygen demand (BOD), 

5-day, ppm ................. 
s, m g l l  ...................... 
Group B Analys is  

O i l  and grease ,  mgll  .......... - 

Eff luen t  

900 
150 
750 

8.200 
250 

29 

s4 

5 
2,500 

630 
3,800 

0.03 

8.4 

85 

Gas Scrubbed 
With a So lu t ion  
of NaOH i n  D i s t i l -  

l ed  Water 

I n f l u e n t  E f f luen t  ~- 
1 2  7,500 

6 140 
6 7,270 

27,200 
5,100 

90 

$2  

15 
3,000 

0.03 

8.7 

- 13,500 
410 4,300 

- 1,150 

a f t e r  which no f u r t h e r  c l a r i f i c a t i o n  was v i s u a l l y  de t ec t ab le .  
of t ab le  1, which extended over a per iod  of about a week, were conducted on a l i q u o t s  
drawn from t h e  water l a y e r  a f t e r  the  i n i t i a l  per iod  of r ap id  c l a r i f i c a t i o n .  For t h e  
group B ana lys i s ,  samples of t he  e f f l u e n t  were co l l ec t ed  d i r e c t l y  i n  q u a r t  jars and 
the  e n t i r e  conten t  of a j a r  w a s  l a t e r  analyzed a s  a s i n g l e  a l iquo t .  Thus, t h e  o i l y  
l aye r  which had sepa ra t ed  from water was inc luded  i n  the  a n a l y s i s  o f  t h i s  group. The 
ana lyses  were performed by t h e  methods recommended by the  American Pub l i c  Health Asso- 
c i a t i o n  (9).  The l i m i t s  of  d e t e c t i o n  and p r e c i s i o n  f o r  these  methods,where ava i l ab le ,  
are a l s o  given i n  r e fe rence  (9). 
t h e  sample was a c i d i f i e d  t o  remove H p S  and then  made a l k a l i n e  t o  remove NH3 before  
BOD determination. A comparison of t h e  r e s u l t s  ob ta ined  by scrubbing  the  gas  wi th  d is -  
t i l l e d  water and wi th  a s o l u t i o n  of NaOH i n  d i s t i l l e d  water shows t h a t  s i g n i f i c a n t l y  
more phenols and o the r  organic  compounds were scrubbed o u t  of t h e  g a s  by t h e  s o l u t i o n  
of NaOH than  by pure  water. 

The group A analyses  

S ince  NH3 and H1S i n t e r f e r e  wi th  BOD de te rmina t ion ,  

A survey of t h e  meta ls  i n  t h e  i n f l u e n t  and e f f l u e n t  i s  g iven  i n  t a b l e  2. The 
survey was conducted by spa rk  source  mass spectrometry.  
a t ed  onto  t h e  e l e c t r o d e  m a t e r i a l  (g raph i t e )  t o  g ive  a d e t e c t i o n  l i m i t  near 1 mg/l f o r  
most elements. The a n a l y s i s  i s  semiquan t i t a t ive  and reproducib le  t o  about a f a c t o r  
of th ree .  The concent ra t ions  of metals i n  t h e  i n f l u e n t  and e f f l u e n t  a r e  comparable, 
i nd ica t ing  t h a t  no s i g n i f i c a n t  amounts of meta l  compounds were scrubbed from t h e  gas 
stream. The na tu re  and concent ra t ion  of t h e  contaminants i n  t h e  gas  scrub  water w i l l  
of course depend on the  coa l  being processed and the  p l a n t  ope ra t ing  condi t ions .  The 
e f f l u e n t  whose a n a l y s i s  i s  repor ted  i n  t a b l e s  1 and 2 w a s  ob ta ined  from t h e  process- 
i ng  of a h igh-su l fur ,  hvBb c o a l  from Homestead mine, Kentucky, a t  450' C and 4,000 p s i .  
The i n f l u e n t  i n j e c t i o n  r a t e  w a s  1 l b  p e r  l b  of c o a l  feed. Thus, 250,000 gph of t h i s  
i n j ec t ed  water w i l l  b e  r e l eased  from a p l a n t  process ing  25,000 tons  of coa l  p e r  day. 

S u f f i c i e n t  sample was evapor- 
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TABLE 2.-Survey of metals in the SYNTHOIL 
reactor gas scrub water (sour water) 

Metal 

Na 
K 
Rb 
cs 

Ca 
Sr 
Ba 
T i  
Zr 
V 
Cr 
Mo 
Mn 
Fe 
co 
N i  
cu 
Zn 
Cd 
B 
A1 
Ga 
In 
s i  
Ge 
Sn 
Pb 
P 
As 
Sb 

- 

Mg 

- 

Concentration, mgll 
Distilled Water 

,Influent Effluent 

11 
0.2 

.:: 0.002 
0.0004 

d l  
0.1 
0.007 
0.007 - 

d 0.03 
0.01 
0.006 

-< 0.004 
0.01 
1 
0.02 
0.006 
0.1 
0.4 

4 0.02 
0.03 
0.2 

d 0.009 
5 0.003 
6 

S 0.007 
<O.Ol 
c 0.1 
1 
0.005 

.< 0.03 

12 
0.1 

0.0003 

0.1 
0.01 
0.01 

s 0.1 
6 0.01 
0.01 
0.01 

i 0 . 0 0 5  
0.01 

- 
4 7  

2 
0.002 
0.005 
0.1 
0.2 

6 0.006 
0.4 
0 .4  

.5 0.001 
4 0.001 

2 
6 0.002 
.< 0.006 
s 0.07 
2 
0.005 

,< 0.002 
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In  add i t ion  t o  the  i n j e c t e d  water, t h e  r e s i d u a l  moisture l e f t  in t h e  f eed  c o a l  a f t e r  
drying w i l l  emerge wi th  t h i s  stream. Since t h e  average moisture conten t  of t h e  d r i e d  
and pulver ized  coa l  w a s  assumed t o  be 3 p c t ,  approximately 8,000 gph of water w i l l  
come from t h i s  source.  The s t ream w i l l  a l s o  conta in  t h e  water  formed by the  r e a c t i o n  
of hydrogen wi th  t h e  oxygen i n  coa l .  The e a s t e r n  coa l s  t h a t  are l i k e l y  t o  be processed 
i n  a SYNTHOIL p l a n t  conta in  about 8 t o  12 p c t  oxygen. 
is e l imina ted  as water dur ing  hydrogenation. Assuming an average oxygen content  of 
10  p c t  i n  t h e  coa l  and 3 p c t  in t h e  product o i l ,  approximately 18,000 gph of chemi- 
c a l l y  formed water w i l l  be re leased .  Thus, t h e  r e a c t o r  gas scrub  water e f f l u e n t  stream 
w i l l  add up t o  a t o t a l  of about 276,000 gph. 
must be designed t o  accommodate changes i n  t h e  type  and concent ra t ion  of contamlnants 
with changes i n  feed  coa l .  

Pyrolyzer Gas Scrub Water 

However, n o t  a l l  of t h i s  oxygen 

The t rea tment  f a c i l i t y  f o r  t h i s  e f f l u e n t  

An ana lys i s  of t h e  cen t r i fuged  s o l i d s  obta ined  from t h e  process ing  of Homestead 
mine, Kentucky, coa l  in t h e  1/2 TPD u n i t  i s  given i n  t a b l e  3. Pyro lys i s  da t a  f o r  t h i s  

TABLE 3 . -  Analysis of cen t r i fuged  s o l i d s  

Solvent ana lys i s ,  w t  p c t  

Organic benzene in so lub le s  ................ 14.9 
Asphaltenes .............................. 3.1 
O i l  ...................................... 29.2 
Ash ...................................... 52.8 

Ultimate ana lys i s ,  w t  p c t  

Carbon .................................... 36.4 
Hydrogen ................................. 3.7 
Nitrogen .................................. 0.4 
Sul fur  .................................... 4.6 
Oxygen, by d i f f e rence  .................... 2.1 
Ash ....................................... 52.8 

s o l i d  are n o t  y e t  ava i l ab le ,  b u t  the a n a l y s i s  sugges ts  t h a t  cons iderable  q u a n t i t i e s  of 
NH3 and H2S w i l l  be formed dur ing  py ro lys i s ,  and t h e  pyro lyzer  off-gas w i l l  have t o  be 
scrubbed wi th  water t o  remove amonium s u l f i d e .  The water w i l l  a l s o  remove ta r  and 
en t ra ined  impur i t i e s  i n  t h e  gas. 

A SYNTHOIL p lan t  process ing  25,000 tons  of c o a l  p e r  day w i l l  gene ra t e  approxi- 
mately 6,000 tons  of cen t r i fuged  s o l i d s  in t h e  same t i m e .  
requirement f o r  t he  pyro lyzer  process ing  these  s o l i d s  a t  1 l b  pe r  l b  o f  s o l i d s  pyro- 
lyzed (c.f .  sc rub  water requirement of 1 l b  p e r  l b  of coa l  f o r  t h e  r e a c t o r  gas ) .  
approximately 62,500 gph of e f f l u e n t  w i l l  be re leased .  
determine i f  t h i s  e f f l u e n t  can be combined wi th  the  r eac to r  gas  e f f l u e n t  f o r  treatment. 

W e  e s t ima te  t h e  scrub  water 

Thus 
More informat ion  i s  needed t o  

The char from pyro lys i s  of t h e  cen t r i fuge  s o l i d s  w i l l  be  g a s i f i e d  t o  produce hy- 
drogen f o r  t h e  process  requirement. 
be washed with water t o  remove impur i t i e s  before  conver t ing  t h e  gas t o  pure H2 by t h e  
c l a s s i c a l  water-gas s h i f t  r eac t ion .  
composition of t h e  char  o r  i t s  g a s i f i c a t i o n  p rope r t i e s .  Consequently, no comment is 
p o s s i b l e  on t h e  contaminants i n  t h e  aqueous e f f l u e n t  from scrubbing of t h e  gas i f i ca -  
t i o n  products.  

The mixture of CO and H 2  from t h e  g a s i f i e r  w i l l  

A t  p r e sen t ,  no in format ion  is a v a i l a b l e  on t h e  
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Water From Claus Reactor 

The H2S recovered from t h e  amine scrubber ,  sou r  water s t r i p p e r ,  s o l i d s  pyro lyzer  
and t h e  hydrogen p l a n t  w i l l  be converted t o  s u l f u r  i n  a Claus p l a n t .  The r eac t ions  
involved i n  t h e  conversion of H2S t o  S by t h e  Claus process  a r e  t h e  following: 

3 
2 

H2S + - O 2  -+ SO2 + H,O 5)  

2H2S + SO2 -t 35 + 2H20 . 6) 

Reaction 6 -- known as t h e  "Claus reac t ion"  -- i s  ca ta lyzed  by bauxi te .  

For s to i ch iomet r i c  ca l cu la t ions ,  r eac t ions  5 and 6 may be  added t o  g ive  t h e  
fo l lowing  equat ion:  

7) 
3 3H2S + ?  0 2  3HzO . 

H2S and the  s to i ch iomet r i c  quan t i ty  of a i r  determined from equat ion  7 are in t ro -  
duced i n t o  a furnace .  
a c t s  wi th  t h e  remaining two-thirds o f  t h e  H2S t o  g ive  e lementa l  s. Although t h e  com- 
bus t ion  of one-third of t h e  H2S t o  SO2 is complete i n  t h e  furnace ,  t h e  formation o f  S 
by t h e  r eac t ion  of SO2 wi th  H2S proceeds t o  only p a r t i a l  completion i n  t h e  furnace.  
The product stream from t h e  furnace  i s  cooled i n  a w a s t e  hea t  b o i l e r  and then  i n  a 
condenser where the  product  S sepa ra t e s  ou t  as a l i q u i d .  The gases conta in ing  SO2 and 
HzS are rehea ted  and passed through a s e r i e s  of t h r e e  o r  four  c a t a l y t i c  Claus r e a c t o r s  
wi th  i n t e r s t a g e  cool ing  of t he  product stream t o  condense S and r ehea t ing  of the  unre- 
ac t ed  gases. 

One-third of t h e  H2S i s  thus  converted t o  SOL, which then  re- 

Overa l l  convers ion  e f f i c i e n c i e s  a s  h igh  as 98 p c t  have been claimed. 

It w i l l  b e  seen from equa t ion  7 t h a t  f o r  each mole of S a mole of water is 
formed. 
0.5 p c t  S and t h e  a s h  r e j e c t e d  from t h e  hydrogen p l a n t  conta ins  n e g l i g i b l e  S ,  t h e  
Claus un i t  of a SYNTHOIL p l a n t  process ing  25,000 tons  of coa l  p e r  day w i l l  produce 
approximately 5,500 gph of water. I n  add i t ion  t o  H2S, SO2 and S ,  t h e  water may con- 
t a i n  o the r  s u l f u r  compounds a s  contaminants (10). Furthermore, impur i t i e s  i n  t h e  feed 
t o  t h e  Claus p l a n t  may g i v e  rise t o  o t h e r  contaminants i n  t h e  e f f l u e n t  (11).  

Thus, i f  a c o a l  conta in ing  4 p c t  S is  be ing  processed t o  an  o i l  conta in ing  

CONCLUSIONS 

Aside from t h e  maintenance d ischarges ,  t h e r e  w i l l  be  six aqueous e f f l u e n t s  from 
a commercial SYNTHOIL p l a n t .  
which must be f i l l e d  i n  o rde r  t o  design t rea tment  f a c i l i t i e s  f o r  t h e  e f f l u e n t s .  
Seve ra l  of t h e s e  e f f l u e n t s ,  however, are n o t  y e t  ava i l ab le .  The a n a l y s i s  of a s o u r  
water  e f f l u e n t ,  ob ta ined  from a 1 / 2  TPD SYNTHOIL u n i t ,  i s  presented .  

A review of t hese  e f f l u e n t s  shows gaps i n  knowledge 
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FRACTIONATION OF ORGANIC SOLUTES IN OIL SHALE RETORT WATERS 
FOR SORPTION STUDIES ON PROCESSED SHALE 

H. A. Stuber and J. A.  Leenheer 

U.S. Geological Survey 
Federal Center 

Denver, Colorado 80225 

A frequently proposed method for disposing of aqueous effluents from oil shale 
processing i s  the use of these waters for moistening processed shale (1). 
method of disposal is part of the recently approved development plan for leased oil 
shale tract C-a ( 2 ) .  
shale processing waste water. Retort waters contain high concentrations of organic 
and inorganic solutes which present serious disposal and purification problems (3-7). 
Many studies have focussed on solutes which might leach from processed shale (&lo), 
but little attention has been paid to the fate and transport of retort water solutes 
incorporated into processed shale o r  present in in situ retorts. Of particular 
interest are the organic solutes because of their potential toxicity. 

Studies of organic solute transport are complicated by the complex and variable 
natures of both the retort waters and the processed shales which result from many 
diverse retorting methods. The use of surface-retorted processed shale has been 
proposed for the disposal of waste waters from both surface and in situ retorting 
(2). Organic solutes found in retort waters have been determined by many different 
methods (3, 11-13). This study will present a unique organic solute characterization 
based on sorption of both a true in situ and a simulated in situ retort water. This 
characterization data is then applied to solute sorption studies on TOSCO-I1 proc- 
essed shale. 

TOSCO-II1 processed shale was selected as the sorbent in this investigation 
because its small particle size and high surface area facilitated laboratory studies 
and because it was considered most likely to give the high sorptive capacities (as 
compared to other processed shales) needed for disposal of retort water. Retort 
waters were obtained from both the 150-ton simulated in situ retort and the Rock 
Springs site 9 in situ retort of the Laramie Energy Research Center. 

An organic solute fractionation scheme (DOC fractionation analysis) based upon 
adsorption was developed specifically for this study (14). Natural organic solutes 
in surface and ground waters in the area of the Green River formation were character- 
ized by DOC fractionation analysis to assess the impact of possible inputs of waste 
water from oil shale processing. 
fractionation analyses of retort waters to sorptive interactions with processed shale 
so that predictions can be made about the movement of organic solutes from processed 
shale to adjacent soils and waters. 

This 

Retort waters produced with the oil are a major component of 

The purpose of this report is to relate DOC 

EXPERIMENTAL 

Retort Water and Shale Samples. TOSCO-I1 processed shale was obtained from 
the TOSCO Corp. Research Center in Golden, Colorado. Site 9 in situ retort water, de- 
signated OMEGA-9 (15). and 150-ton retort water (barrel 66, run 13) were obtained from 
the Laramie Energy Research Center. Previously filtered OMEGA-9 water was stored at 
4OC in a plastic lined, sealed drum. 
from an oil-and water-containing drum stored at room temperature. 
150-ton water through glass fiber filters removed suspended oil. Production wells 3 ,  
4, 8, and 9 at the Laramie Energy Research Center's Site 9 in situ retort were 
sampled in May 1977. The warm oil and water mixture pumped from the wells was 
chilled to 4OC and stored in glass bottles. 
oil before fractionation and analysis. 

Water Analysis. The major inorganic solutes in the retort waters were deter- 
mined by the U.S. Geological Survey Denver Central Laboratory (16). Most of these 

The use of brand names in this report is for identification purposes only and does 
not imply endorsement by the U.S. Geological Survey. 

150-ton retort water samples were aliquoted 
Filtration of 

Glass fiber filtration removed suspended 
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d a t a  a r e  a v a i l a b l e  e l sewhere ,  bu t  t he  s u l f u r  s p e c i a t i o n  of t h e s e  waters has no t  been 
previous ly  repor ted .  
t e t r a c h l o r i d e  d i g e s t i o n  procedure (17). S u l f a t e  was determined by a barium s u l f a t e  
t u rb id ime t r i c  procedure  (16).  Th iosu l f a t e  w a s  determined by iod ime t r i c  t i t r a t i o n s .  
Raw waters as w e l l  as carbon f i l t e r e d  ( t o  remove organic  s o l u t e s )  and z i n c  a c e t a t e  
t r e a t e d  ( t o  p r e c i p i t a t e  any s u l f i d e )  water were t i t r a t e d  wi th  s tandard ized  sodium 
t r i i o d i d e .  S u l f i t e  w a s  determined by t h e  d i f f e r e n c e  i n  equ iva len t s  of i od ine  con- 
sumed be fo re  and a f t e r  a d d i t i o n  of formaldehyde t o  complex any s u l f i t e .  

t o  determine t h e  d i s t r i b u t i o n  of organic  s o l u t e s  i n  t h e  water samples. Ana ly t i ca l  
s c a l e  DOC f r a c t i o n a t i o n s  were performed by Huffman Labora tor ies ,  Wheat Ridge, Colo- 
rado. P repa ra t ive  s c a l e  f r a c t i o n a t i o n s  of 150-ton and OMEGA-9 r e t o r t  wa te r s  were 
conducted by a mod i f i ca t ion  of t h e  a n a l y t i c a l  scale method. In+the modified pro- 
cedure t h e  a c i d i f i c a t i o n  of t h e  sample i s  accomplished on t h e  H 
column r a t h e r  than  by HC1 _addition. 
HC1 add i t ion  in t roduces  C 1  i o n s  which r equ i r e  later removal on a l a r g e  anion exchange 
column. The procedure i s  ou t l ined  i n  f i g u r e  1. Samples of t h e  r e t o r t  waters were 
d i l u t e d  to  a concen t r a t ion  of 500 mg/L DOC wi th  d i s t i l l e d  water and f r ac t iona ted .  
Ten l i ters of d i l u t e d  OMEGA-9 water and 36 l i ters of 150-ton r e t o r t  water were 
f r ac t iona ted .  Hydrophobic s o l u t e s  w e r e  concent ra ted  and f r ac t iona ted  on a 3,200 mL 
bed of Amberlite XAD-8, a nonionic  macro re t i cu la r  a c r y l i c  ester r e s i n .  Hydrophobic 
bases  (HPO-B) were e l u t e d  wi th  0 .1  N HC1, hydrophobic a c i d s  (HPO-A) wi th  0.5 N 
NH OH and hydrophobic n e u t r a l s  (HPO-N)+with methanol. 
cokcent ra ted  on a 2,300 mL column of H 
exchange r e s i n  and e l u t e d  An 0.5 N NH OH. 
ed on a 1,000 mL bed of OH 
HC1.  Hydrophilic n e u t r a l s  (HPI-N) passed through a l l  columns and were co l l ec t ed .  

T o t a l  s u l f u r  w a s  determined by a s tandard  bromine i n  carbon 1 
I' 

DOC F rac t iona t ions .  DOC f r a c t i o n a t i o n  us ing  macro re t i cu la r  r e s i n s  (5) was used 

m gorm c a t i o n  exchange 
as COz, whereas Th i s  e l imina te s  C03 and HC03 

Hydrophilic bases  (HPI-B) were 

Hydrophilic ac ids  (HPI-A) w e r e  concentrat-  
form AG MP-50 (BioRad Labora tor ies )  ca t ion  

form AG d-1 anion  exchange r e s i n  and e l u t e d  with 0.5 N 

Figure  1.--Flow diagram of t h e  f r a c t i o n a t i o n  of organic  s o l u t e s  i n  r e t o r t  waters .  
1. Hydrophobic bases ,  2. Hydrophilic bases ,  3 .  Hydrophobic ac ids ,  
4 .  Hydrophobic n e u t r a l s ,  5. ,Hydrophi l ic  n e u t r a l s ,  6. Hydrophilic 
ac ids .  
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The procedure developed t o  f r a c t i o n a t e  r e t o r t  wa te r s  on a l a r g e  s c a l e  involves  

Th iosu l f a t e  d i s s o c i a t i o n  t o  e lementa l  s u l f u r  and s u l f i t e  r e s u l t e d  i n  
t h e  add i t ion  of concent ra ted  Na13 t o  t h e  f i rs t  XAD-8 e l u a t e  t o  des t roy  t h i o s u l f a t e  
present .  
fou l ing  of t h e  c a t i o n  exchange r e s i n  if t h i s  s t e p  w a s  no t  included. The DOC con- 
cen t r a t ions  of s o l u t i o n s  der ived  from p repa ra t ive  f r a c t i o n a t i o n s  were determined on a 
Beckman Model 915 carbon ana lyzer .  

Sorption S tud ie s .  150-ton r e t o r t  water w a s  d i l u t e d  1 : l O  (DOC=500 mg/L) wi th  
d i s t i l l e d  water. Weighed v a r i a b l e  amounts of TOSCO-I1 processed s h a l e  were added 
t o  200 mL volumes of t h e  d i l u t e d  r e t o r t  water and the  suspens ions  s t i r r e d  f o r  one 
week a t  25OC i n  a water ba th .  
s o l u t i o n  were analyzed f o r  DOC. F rac t ions  of 150-ton r e t o r t  water  w e r e  d i l u t e d  t o  a 
concent ra t ion  (C ) of organic  s o l u t e s  (as carbon) equal  t o  1 /10  t h e  concent ra t ion  of 
t h a t  so lu t e  f r acg ion  i n  t h e  o r i g i n a l  r e t o r t  water .  
pH 8.65 and a s p e c i f i c  conductance of 7,400 umho/cm a t  2OoC by t h e  add i t ion  of NH 
(C03)2 and H C 1  t o  provide  an inorganic  s o l u t e  composition s i m i l a r  t o  t h a t  i n  ten-*old 
d i l u t e d  150-ton r e t o r t  water. Al iquots  (200 mL) of these  d i l u t e d  f r a c t i o n s  were 
equ i l ib ra t ed  by s t i r r i n g  f o r  1 week a t  25OC wi th  vary ing  amounts of TOSCO-I1 processed 
sha le .  Af te r  c e n t r i f u g a t i o n ,  t h e  DOC concen t r a t ion  of t he  superna tan t  so lu t ions  w e r e  
determined. 
a r e  obtained from t h e  f r a c t i o n a t i o n  i n  methanol and a r e  in so lub le  i n  w a t e r .  

were added t o  200 mL volumes of 150-ton r e t o r t  water d i l u t e d  1 : l O  wi th  d i s t i l l e d  
water .  
de te rmina t ions  were run  on t h e  superna tan t  so lu t ions .  

RESULTS AND DISCUSSION 

Af te r  cen t r i fuga t ion  a l i q u o t s  of t he  superna tan t  

These s o l u t i o n s  were brought t o  

The hydrophobic n e u t r a l  f r a c t i o n  was no t  s tud ied  because these  s o l u t e s  

h m u n t s  of a c t i v a t e d  carbon (Calgon F i l t r a s o r b  400) vary ing  from 1 0  mg t o  10 g 

The suspens ions  were s t i r r e d  f o r  1 week a t  25OC, cen t r i fuged ,  and DOC 

Retor t  Water Inorganic  So lu te  Analysis.  The major inorganic  c o n s t i t u e n t s  of t h e  
r e t o r t  waters are presented  i n  t a b l e  1. 
t o  devise  a workable f r a c t i o n a t i o n  procedure and t o  proper ly  des ign  adso rp t ion  exper i -  
ments. OMEGA-9, t h e  i n  s i t u  r e t o r t  water,  d i f f e r s  from t h e  150-ton simulated i n  s i t u  
r e t o r t  water mainly i n  having lower concent ra t ions  of ammonia, carbonate  spec ie s  and 
organic  so lu t e s ,  and i n  having a f a r  l a r g e r  concent ra t ion  of sodium. 150-ton water 
d i sp lays  the  cha rac t e r  of a d i s t i l l a t e  i n  conta in ing  no apprec iab le  concent ra t ions  
of nonvo la t i l e  ca t ions .  
c e n t r a t i o n  (1,200 meq/L vs 500 meq/L) than  the  OMEGA-9 water. The d i f f e rences  i n  N a  
concent ra t ion  and i n  t o t a l  s o l u t e  conten t  probably a r e  a r e s u l t  of t he  d i l u t i o n  of 
OMEGA-9 by n a t i v e  s a l i n e  ground water .  
a t  t h e  s i te  (3) suppor t  t h i s  hypothesis.  

The presence of t h i o s u l f a t e  i n  these  waters has  n o t  been previous ly  repor ted  
and the  au thors  f e e l  t h e r e  has  been some confusion about t h e  s u l f u r  s p e c i a t i o n  i n  
OMEGA-9. We were l e d  o study t h e  s u l f u r  chemistry of t h e  waters because t h e  app l i -  
c a t i o n  of OMEGA-9 t o  H form ca t ion  exchange columns i n  t h e  DOC f r a c t i o n a t i o n  scheme 
r e s u l t e d  i n  t h e  format ion  of a s u l f u r  p r e c i p i t a t e  which fouled  t h e  r e s i n .  Acidi- 
f i c a t i o n  of t h e  waters a l s o  causes  t h i s  same s u l f u r  y i e ld ing  d i s s o c i a t i o n  of th io-  
s u l f a t e  : 

It  w a s  necessary t o  determine these  spec ie s  

150-ton water a l s o  has  a h igher  t o t a l  i o n i c  s o l u t e  con- 

Analy t ica l  d a t a  on the  n a t i v e  ground waters 

$ 

S2032-+ 2 H + F = t S 0 2 ( g )  + S ( s )  + H 2 0 .  1 )  

Severa l  q u a l i t a t i v e  and q u a n t i t a t i v e  tests were used t o  v e r i f y  t h e  s u l f u r  chemistry 
o f  OMEGA-9 water. 
e lementa l  s u l f u r  upon a c i d i f i c a t i o n ,  by the  c h a r a c t e r i s t i c  behavior  of t h i o s u l f a t e  
s o l u t i o n s  upon a d d i t i o n  of s i l v e r  ions ,  and by t h e  a b i l i t y  of OMEGA-9 w a t e r  t o  
d i s s o l v e  s i l v e r  c h l o r i d e  a f t e r  a l l  ammonia has  been removed. No s u l f i d e  was de- 
t e c t a b l e  i n  t h e  water by l ead  a c e t a t e  paper tests of steam from a c i d i f i e d  r e t o r t  
water. 
(Ag2S forms i f  s u l f i d e  i s  p resen t )  
OMEGA-9 m2tches t h e  sum of t h e  S042- (620 mg/L S a s  SO:-) and S2032- (1,700 mg/L 
S as S203 -) s u l f u r  concen t r a t ions  so t h a t  o t h e r  S spec ie s  must be  a t  low l e v e l s  

The presence  of t h i o s u l f a t e  w a s  i nd ica t ed  by t h e  formation of 

s u l f i d e  w a s  undetec tab le  by t h e  add i t ion  of AgNO s o l u t i o n  t o  r e t o r t  water 3 The t o t a l  s u l f u r  c n t e n t  (2,300 mg/L) of 
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Table 1. Re to r t  water s o l u r e  -1yais 

Bar re l  66. run 1 3  O H V A  9 
CO".tit"e"L 

I" S i t "  r e t o r t  l 5 P t o n  r e t o r t  

PB 8.6 8.5 

Spec i f i c  Conductance 48.000 

(micromhas a t  20%) 

25,800 

U i n i g r a m s  per liter 

CalfiYD (c.4 4 8 

nngnesium (ws) 16 1 2  

Sodium (Na) 188 4,100 

Potassium (K) 24 43  
Bicarbonate  (KO3) 33.400 15,100 

Carbpoate KO3) 14.900 1.100 

S u l f a t e  (SO,) 1.340 1.400 

Chloride (Cl) 2,800 3.900 

F luor ide  (I) 1 2  56 

m i o s u i t a r e  (szo3) 2,050 3.WO 

T o t a l  Su l fu r  (S) _-____ 2,300 

-nium (NH4 89 N) 3.800 
T o t a l  Kjeldahl  Nitrogen 

(11(N) 18.000 4.000 

(DOC) 5,000 1.000 

Dieeolved Organic Carbon 

n i l l i eq" iua1en t s  per  l i t e r  

1.280* 271 NH4 
Ca 0.2 0.6 

Ma 1 .3  1.0 
K 0.6 1.1 

Na 8.2 1)8 
Cation sum 1,290.3 451.5 

KO3 547 

co3 498 

79 c1 
P 0.6 

27.9 so4 
'2'3 2 
Anton sum 1.189.1 

247 

i o  
110 

2.9 

29.1 

53 
512.0 

Nn4 e s t i m t e d  from TKN 

r e l a t i v e  t o  S 0 '- and SO '-. 
i d e n t i c a l  f o r  r a w  samples: f o r  carbon f i l t e r e d  (70 percent  of DOC removea) and z i n c  
a c e t a t e  t r e a t e d  ( t o  p r e c i p i t a t e  any s u l f i d e  which could a l s o  have oxid ized  NaI ) 
samples. 
sumption of iodin5-was i d e n t i c a l  before  and a f t e r  add i t ion  of formaldehyde which 
complexes any SO3 presen t .  

conta in ing  SO 

r eac t ions  a r e  perhaps c l u e s  t o  t h e  s u l f u r  chemistry i n  t h e  r e t o r t :  

Resu l t s  o f  i od ime t r i c  de te rmina t ions  of S 0 '- 2 3  were 

S u l f i t e  was n o t  p re sen t  a t  d e t e c t a b l e  l e v e l s  by iodimetry because con- 3 

We can specu la t e  on the  o r i g i n  of t h i o s u l f a t e  i n  r e t o r t  water .  Heated gasses  
and s t e a m  probably contac ted  s u l f i d e s ,  H S o r  perhaps  even e lementa l  

s u l f u r  de r ive3  from t h e  r o a s t i n g  of p y r i t e .  These known 2 aqueous s o l u t i o n  

2- a l k a l i n e  pH, "3'- + ' ( s )  - '2'3 ( a s )  

2- + o t h e r  po ly th iona te s  so 
+ H2S(aq)- "03 (Wackenroder's so lu t ion )  
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Organic Solute Fractionation. DOC fractionation analysis was developed to serve 
as a compound classification based on sorption that fills the gap in organic solute 
characterization between organic solute concentration (DOC) and specific compound 
identification. Hydrophobic solutes are first isolated and fractionated into acid, 
base, and neutral components by physical adsorption and desorption on a macroreticular, 
acrylic ester resin. 
base and acid solutes are isolated by ion-exchange sorption on cation and anion 
exchange resins, respectively. Hydrophilic neutral solutes remain dissolved in the 
deionized water sample at the end of the fractionation sequence. Because DOC frac- 
tionation analysis is based on various sorptive interactions, it is a useful method 
for studying and defining the sorptive interactions which occur between retort water 
organic solutes and processed shale. In addition, the sorption studies have been 
simplified to six compound classes which are relatively homogeneous with respect to 
their sorptive interactions, as opposed to the impossible task of defining the 
sorptive interactions of each compound in retort water. Additional uses and inter- 
pretations of data from DOC fractionation analysis have been previously discussed 
(14), and table 2 lists the types of compounds likely to be found in each fraction. 

After removal of hydrophobic solutes from water, hydrophilic 

Table 2. Compound classes in organic solute fractions 

HPO-B: Aromatic amines except pyridine, 
HPO-A: Aliphatic carboxylic acids > five carbons; aromatic 

HPO-N: Hydrocarbons, aliphatic alcohols, amides esters, ketones, and 

HPI-B: Aliphatic amines, pyridine, amino acids. 
HPI-A: Aliphatic acids of 2 five carbons, polyfunctional acids. 
HPI-N: Aliphatic amides, alcohols, aldehydes esters, and ketones 5 five 

carbons. Polyfunctional alcohols, carbohydrates. 

carboxylic acids, phenols. 

aldehydes of < five carbons, pyrroles, and indoles. 

The analytical DOC fractionation data from 150-ton and OMEGA-9 retort water and a 
natural surface water are shown in table 3. 

Table 3. Dissolved organic carbon fractionation analyses as percent of 
initial DOC 

Fraction 

150-ton retort OMEGA-9 Piceance Creek 
Water Retort Water at White River 

(5,000 mg/L DOC)(1.000 mg/L DOC)(9.l mg/L DOC) 

Hydrophobic solutes 
Hydrophilic solutes 

Hydrophobic bases 
Hydrophobic acids 
Hydrophobic neutrals 

65 
35 

9 
28 
28 

49 51 
51 49 

13 1 
19 23 
17 27 

Hydrophilic bases 8 12 2 
Hydrophilic acids 17 29 44 
Hydrophilic neutrals 10 10 3 

In the preparative scale fractionations the overall yield of organic solutes 

The 150:ton retort water contains a higher con- 
(based on DOC) obtained in the fractions was 85 percent for 150-ton retort water and 
90 percent for OMEGA-9 water. 
centration of hydrophobic solutes, with most of the difference appearing in 
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hydrophobic ac ids  and n e u t r a l s .  
which would tend t o  i n c r e a s e  the  s o l u b i l i t y  of hydrophobic n e u t r a l  spec ie s  i n  water.  
The h igher  concent ra t ion  of hydrophobic n e u t r a l s  i n  150-ton water is probably due t o  
s o l u b i l i z a t i o n  by hydrophobic ac ids .  

s o l u t e  d i s t r i b u t i o n  i n  these  r e t o r t  waters  from t h a t  i n  most n a t u r a l  waters .  Natura l  
waters  normally conta in  a hydroph i l i c  base concent ra t ion  of 1-10 percent  of t he  t o t a l  
DOC, bu t  hydrophobic bases  a r e  u s u a l l y  nea r ly  undetec tab le  (18).  The da ta  from the  
DOC f r ac t iona t ion  of t he  Piceance Creek sample i s  t y p i c a l  of a n a t u r a l  su r f ace  water .  
Hydrophobic organic base concen t r a t ions  i n  n a t u r a l  waters  a r e  gene ra l ly  low because 
such s o l u t e s  a r e  s t rong ly  adsorbed by ca t ion  exchange processes  on most s o i l s  and 
sediments, and by hydrophobic i n t e r a c t i o n s  (19).  Also, t h e r e  a r e  not  a s  many n a t u r a l  
sources  f o r  organic bases  as the re  a r e  f o r  organic  ac ids .  The contamination of a 
n a t u r a l  water by r e t o r t  water  might be r e a d i l y  de t ec t ab le  by an inc rease  i n  the  l e v e l  
of hydrophobic base s o l u t e s .  

Sorption S tudies .  The so rp t ion  isotherms presented i n  t h i s  s tudy  were generated 
by allowing so lu t ions  of i d e n t i c a l  i n i t i a l  o rganic  s o l u t e  concent ra t ion  ( C . )  t o  
e q u i l i b r a t e  with varying weights of sorbent ,  then  measuring t h e  e q u i l i b r i d  organic  
s o l u t e  concent ra t ions  (C ).  The so rp t ive  capac i ty  of t h e  sorbent  (mg organic 
carbon/g sorbent) i s  plo@ed a s  a func t ion  of C 
i t  poss ib l e  t o  observe d i f f e r e n c e s  i n  the  a f f in?@y of t h e  sorbent  f o r  d i f f e r e n t  
components in  a complex mixture  of so lu t e s .  The da ta  generated i n  t h i s  manner a l s o  
provides b e t t e r  i n s i g h t  i n t o  the  t r anspor t  of a mixture of s o l u t e s  through processed 
sha le  than the a l t e r n a t e  exper imenta l  design i n  which t h e  sorbent  weight is  held 
cons tan t  while C .  is va r i ed .  
t he  goa ls  of t h i i  s tudy  w a s  t o  determine which types  of organic  s o l u t e s  a r e  s t rong ly  
sorbed by the processed s h a l e  and which are not.  
d i s t i l l e d  water t o  a C 
so  t h a t  t he  var ied  a f f f n i t i e s  of t he  d i f f e r e n t  s o l u t e  f r a c t i o n s  might be b e t t e r  
observed. Above C = 500 mg/L DOC, t h e  DOC f r a c t i o n a t i o n  changed wi th  increas ing  
DOC, whereas belowiCi = 500 DOC, t he  DOC f r a c t i o n a t i o n  remained e s s e n t i a l l y  cons t an t  
a s  DOC decreased. 

i t s  p o t e n t i a l  a s  a sorbent  for .  t h e  organic  s o l u t e s  i n  r e t o r t  water. 
therms based on DOC f o r  un f rac t iona ted  150-ton r e t o r t  water on TOSCO-I1 processed 
sha le  and on Calgon F i l t r a s o r b  400 a c t i v a t e d  carbon a r e  shown i n  f i g u r e  2 .  
s i g n i f i c a n t  r e s u l t  i s  t h a t ,  on an equiva len t  weight b a s i s ,  a c t i v a t e d  carbon has a f a r  
g r e a t e r  so rp t ive  capac i ty  f o r  r e t o r t  water organic  s o l u t e s  than processed sha le ,  
d e s p i t e  s i m i l a r i t i e s  i n  su r face  appearance. On an equiva len t  carbon b a s i s  using f i v e  
percent  non-carbonate carbon remaining i n  TOSCO-I1 processed sha le ,  t he  sha le  has 
approximately half  t h e  s o r p t i v e  c a p a c i t i e s  of a c t i v a t e d  carbon. An i n t e r e s t i n g  
f e a t u r e  of the processed s h a l e  so rp t ion  isotherms is  the  sudden inc rease  i n  the  s l o p e  
of t he  curve at C = 400 mg/L DOC (C = 80 percent  of C . ) .  This i n d i c a t e s  t h a t  
about 20 percent 88 t h e  r e t o r t  water 88, has a much highea a f f i n i t y  f o r  TOSCO-I1 
processed sha le  than t h e  remaining 80 percent .  

ton r e t o r t  water on TOSCO-I1 processed sha le  ( f i g u r e  3) provide i n s i g h t  i n t o  s p e c i f i c  
s o r p t i v e  processes.  The most important aspec t  of t h e  s o l u t e  f r a c t i o n  isotherm d a t a  
i s  the  g rea t e r  so rp t ive  capac i ty  of t he  s h a l e  f o r  ac id  f r a c t i o n s  than f o r  base 
f r a c t i o n s ,  an unexpected r e s u l t .  
and sediments normally r e s u l t s  i n  higher so rp t ive  c a p a c i t i e s  f o r  bases  than ac ids  
( 7 ) .  The processed s h a l e  does no t  seem t o  e x h i b i t  t h i s  s o r p t i v e  capac i ty  f o r  t he  
bases  i n  r e t o r t  water.  A s  expected, hydrophobic s o l u t e  f r a c t i o n s  a r e  more s t rong ly  
sorbed than hydrophi l ic  f r a c t i o n s .  The rap id  inc rease  i n  the  s lope  of the unfrac- 
t i ona ted  so rp t ion  isotherm ( f i g .  2) a t  C = 400 mg/L DOC (C = 80 percent  of C.) i s  
probably due t o  t h e  expected high a f f i n i f ?  of t he  water i n so fab le  hydrophobic n e h t r a l  
f r a c t i o n  f o r  t h e  processed sha le .  The ind iv idua l  f r a c t i o n  i so therms i n  f i g u r e  3 have 
been added to  y i e ld  a f r a c t i o n  composite isotherm. 

Hydrophobic a c i d s  can a c t  a s  an ion ic  de t e rgen t s  

The presence of s i g n i f i c a n t  concent ra t ions  of bas i c  s o l u t e s  d i s t ingu i shes  the  

. This experimental  approach makes 

This experimental  design is important because one of 

A l l  r e t o r t  waters  were d i l u t e d  wi th  
= 500 mg/L DOC t o  reduce organic  so lu t e - so lu t e  i n t e r a c t i o n s  

TOSCO-I1 processed s h a l e  was compared wi th  a c t i v a t e d  carbon t o  b e t t e r  eva lua te  
Sorption i so-  

The most 

Sorption isotherms of t h e  ind iv idua l  organic  s o l u t e  f r a c t i o n s  der ived  from 150- 

Cation exchange p r o p e r t i e s  of most n a t u r a l  s o i l s  
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Figure 2.--Sorption of 150-ton retort water on Calgon 
F-400 and TOSCO 11-processed shale. 
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Figure 3.--Sorption of 150-ton retort water organic solute fractions 
on TOSCO 11-processed shale. 
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Figure 4 compares t h e  f r a c t i o n  composite i so therm wi th  the  unf rac t iona ted  
so rp t ion  isotherm. Below C = 80 percent  of C .  t h e  two isotherms r ep resen t  s o r p t i v e  
c a p a c i t i e s  of t h e  same magnfpude but  do n o t  e x a i t l y  co inc ide  and t h e  d i f f e rence  i s  
very l i k e l y  due t o  t h e  absence of any con t r ibu t ion  from t h e  hydrophobic n e u t r a l  
f r a c t i o n  t o  t h e  composite f r a c t i o n  isotherm. 
experiment t h e  so rp t ion  o f  h igh  a f f i n i t y  hydrophobic n e u t r a l s  could r e s u l t  i n  a 
modified sorbent  su r face ,  d i f f e r e n t  from t h a t  p re sen t  i n  experiments on sepa ra t e  
f r a c t i o n s .  D i f f e rences  between t h e  composite and un f rac t iona ted  d a t a  could a l s o  
arise from so lu t e - so lu t e  i n t e r a c t i o n s .  Above C = 80 percent  of Ci t he  unf rac t ioned  
s o r p t i o n  isotherm d ive rges  g r e a t l y  from t h e  comF8site isotherm because of t h e  h igh  
capac i ty  of t h e  s h a l e  f o r  hydrophobic n e u t r a l  so lu t e s .  

I n  t h e  un f rac t iona ted  so rp t ion  i so therm 

i' 
L 

Figure  4.--Comparison of un f rac t iona ted  ve r sus  f r a c t i o n  composite 
s o r p t i o n  isotherms of 150-ton r e t o r t  water on TOSCO-I1 
processed sha le .  

Rock Spr ings  S i t e  9 S tudies .  Production w e l l s  3,  4 ,  8, and 9 a t  t h e  Rock 
Spr ings  si te 9 i n  s i t u  r e t o r t  were sampled f o r  water i n  May 1977, approximately seven 
months a f t e r  OMEGA-9 water  was co l l ec t ed .  The primary o b j e c t i v e  w a s  t o  determine 
changes i n  organic  s o l u t e  composition wi th  t i m e .  Table 4 presen t s  t he  d a t a  from t h i s  
s tudy  arranged i n  o rde r  of decreas ing  organic  s o l u t e  concent ra t ion  (based on DOC) 
from l e f t  t o  r i g h t .  The dec rease  i n  DOC and t h e  s h i f t  i n  t h e  hydrophobic-hydrophilic 
r a t i o  seem t o  i n d i c a t e  t h a t  ex tens ive  d i l u t i o n  of t h e  S i t e  9 r e t o r t  water by n a t i v e  
ground water has  occurred  i n  t h e  seven months s i n c e  c o l l e c t i o n  of OMEGA-9. The most 
s i g n i f i c a n t  r e s u l t  he re  i s  t h a t  t h e  hydrophobic base  f r a c t i o n  has  no t  been removed by 
s o r p t i o n  on t h e  processed s h a l e  i n  t h e  r e t o r t .  This  f ind ing  is i n  accord wi th  t h e  
l abora to ry  so rp t ion  da ta .  Meaningful i n t e r p r e t a t i o n s  of o the r  organic  s o l u t e  changes 
cannot be made because t h e  system i s  complicated by inpu t s  from t h e  na t ive  ground 
water .  

Th iosu l f a t e  was no t  d e t e c t a b l e  i n  water from any of t he  four  we l l s .  Su l f ide  
and s u l f i t e  were a l s o  undetec tab le  by iodimetry.  A de te rmina t ion  of s u l f a t e  and 
t o t a l  s u l f u r  conten t  i n  water  from one of t h e  w e l l s  (no. 9) shows t h a t  e s s e n t i a l l y  
a l l  s u l f u r  present  is i n  t h e  form of s u l f a t e .  It is not known whether a l l  th io-  
s u l f a t e  conta in ing  water  has  been e f f e c t i v e l y  d isp laced  by ground water ,  o r  whether 
an  ox ida t ive ,  microbia l ,  o r  s o r p t i v e  process  i s  t h e  cause of t he  disappearance.  
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Table 4. DOC Fractionation Analyses of SlCe 9 Ground Water as percent of i n i t i a l  DOC 

Ground-water 
COmpDslre 

OMEGA-9 Leiell 3 Well 8 Well 4 Well 9 collected before 
Fraction (1,000 mg/L DOC) (500 mg/L DOC) (140 ins/l. DOC) (80 mg/L DOC) (120 mg/L D0C)rerorting 

Hydrophobic solurea 49 62 63 66 65 71 
Hydrophilic solurea 51 38 37 34 35 29 

Hydrophobic bases 13 10 13 4 1 

Hydrophobic neutrals 17 19 21 19 22 
38 
32 

14 
39 19 29 32 34 Hydrophobic acids 

Hydrophilic bases 12 12 9 11 9 8 
Hydrophilic acids 29 19 18 17 22 
Hydrophilic neutrals 10 7 10 6 5 5 

I7 

CONCLUSIONS 
This study has presented a characterization of the organic solutes in retort 

water based on sorption processes and has identified some important features of 
the sorptive properties of TOSCO-I1 processed shale. 
concentrations of ammonia, organic bases, and thiosulfate, that are normally very low 
in natural waters. 
to organic bases whereas the reverse is true in most soil systems. 

organic solutes when compared on an equal weight basis to activated carbon, despite 
similarities in appearance. The organic solute fractions most likely to pass through 
or run off TOSCO-I1 processed shale are the hydrophilic neutral, hydrophilic base and 
hydrophobic base fractions. Of most obvious environmental concern is the hydrophobic 
base fraction that is at low levels in natural waters. TOSCO-I1 processed shale is 
an effective sorbent for hydrophobic neutral species and thus will better retain 
hydrocarbonlike solutes. 
ocycles, refractory compounds of great environmental importance, would very likely be 
removed from oil shale waste waters by contact with TOSCO-I1 processed shale. 
kind of information should be utilized in the design of waste-water disposal methods. 

the transport of retort water organic solutes from in situ retorts and about the 
migration of organic solutes from surface-disposed retort waters. The results of 
this work have led to other investigations into the surface chemistry of retorted 
oil shale and into the sorptive interactions of retort water solutes with soils and 
sediments. It is hoped that the research presented here will be the first step in 
developing a conceptual model of the transport organic solutes derived from retort 
water through processed shales, and later of their transport through soil systems. 

Retort waters contain high 

TOSCO-I1 processed shale sorbs organic acids preferentially 

TOSCO-I1 processed shale has a low overall sorptive capacity for retort water 

Polyaromatic hydrocarbons and neutral polynuclear heter- 

This 

It appears that DOC fractionation analysis can provide useful information about 
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Introduct ion 

The SYNTHANE process,  developed a t  t he  Pi t tsburgh Energy Research Center, is a 
second generation f lu id i zed  bed gas i f i ca t ion  process capable of producing a high-Btu 
s u b s t i t u t e  n a t u r a l  gas product. 
processes i n  t h a t  t he  coal  is kept i n  a f lu id i zed  s t a t e ,  t he  f l u i d i z i n g  media consis t ing 
of steam and pyrolysis  gases. Ground coal ,  which may be pretreated to  destroy its 
agglomerating propert ies ,  i s  fed t o  the  g a s i f i e r  where i t  reac t s  with steam and 
oxygen. Bed temperatures and product gas composition may be var ied within l i m i t s  by 
the  steam t o  coa l  and oxygen t o  coa l  r a t i o s  employed. Due t o  o v e r a l l  thermal balance 
considerations,  about 70% of t h e  carbon i n  t h e  coa l  is gas i f i ed ,  while the remaining 
carbon and an inorganic res idue is removed from t h e  g a s i f i e r  bottom as  a char product 
which w i l l  be burned i n  a commercial plant .  While much of t h e  coa l  carbon is converted 
t o  CO, COP, and CH4, a small  f r ac t ion ,  amounting t o  about 4% t o  6% of t h e  feed carbon, 
appears a s  l i q u i d  e f f l u e n t  tars and p o t e n t i a l  water po l lu t an t s  from t h e  scrubbed 
product gas. This value a s  found f o r  SYNTHANE is s i m i l a r  i n  magnitude t o  t h a t  reported 
by Ellman et a l .  (1) f o r  t h e  slagging fixed bed g a s i f i c a t i o n  a t  t h e  Grand Forks 
Energy Research Center. It fu r the r  appears t h a t ,  f o r  f l u id i zed  bed gas i f i ca t ion ,  
t h i s  f r ac t ion  of l i qu id  phase carbon may be f u r t h e r  reduced v i a  a l t e r a t i o n  i n  coal  
i n j e c t i o n  geometry (2) and v i a  a l t e r a t i o n s  i n  gas i f i ca t ion  conditions (3). However, 
such a l t e r a t i o n s  ex t r ac t  an economic t o l l  i n  terms of thermal e f f i c i ency  and have n o t  
been f u l l y  evaluated. 

This process d i f f e r s  from f ixed bed or slagging 

While cha rac t e r i za t ion  of components and concentrations of coa l  g a s i f i c a t i o n  
wastewater has  been reported (4,5,6),  l i t t l e  published da ta  exists regarding normalization 
of components of po l lu t an t s  produced per  un i t  coal  gas i f i ed .  Table 1 presents  e f f luen t  
production da ta  f o r  t he  SYNTHANE gas i f i ca t ion  of Montana Rosebud coal  (37 g a s i f i c a t i o n  
runs) ,  I l l i n o i s  16 coal  (27 gas i f i ca t ion  runs),  and North Dakota l i g n i t e  (9 gas i f i ca t ion  
runs) i n  terms of pounds of po l lu t an t s  produced per  ton of coa l  gas i f i ed ,  moisture 
and ash f r e e  (MAF). 
PDU g a s i f i e r  located a t  t he  Pi t tsburgh Energy Research Center. 
analyses were conducted i n  accord with Standard Methods (7).  
from the l i t e r a t u r e  f o r  f ixed bed Lurgi, slagging f ixed bed, and Hygas g a s i f i e r  
e f f l u e n t s  a r e  a l s o  presented i n  Table 1. 

These da t a  w e r e  co l l ec t ed  from the  40 l b  coa l  per hour SYNTHANE 
A l l  environmental 

Data on t h e  same b a s i s  

This t a b l e  shows t h a t  t he  e f f l u e n t  po l lu t an t  component production i s  of a consis tent  
order  of magnitude f o r  t h e  SYNTHANE gas i f i ca t ion  of Montana Rosebud, I l l i n o i s  #6, and 
North Dakota l i g n i t e  coals  with t h e  exception of thiocyanate and cyanide production. 
These components appear t o  be about one order of magnitude g rea t e r  f o r  the gas i f i ca t ion  
of t h e  I l l i n o i s  16 coal  than f o r  t h e  o the r  coals  considered. 

Comparison of published da ta  f o r  the Lurgi, Hygas, and GFERC g a s i f i c a t i o n  
f a c i l i t i e s  i nd ica t e s  t h a t  t h e  Lurgi gas i f i ca t ion  of Rosebud coals  i n  the ex i s t ing  
Lurgi first generation f a c i l i t y  a t  Westfield,  Scotland produced more of each po l lu t ion  
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component than did each of the improved or second generation domestic experimental 
gasification facilities. Comparison of the data for SYNTHANE and Hygas indicates a 
degree of similarity; however, the SYNTHANE data is an averaged composite of many 
runs while the data collected to date for Hygas is from one specific run. 
comparisons, at this time, must be considered as preliminary. 

Thus, Such 

Results and Discussion 

Initial evaluation of raw gasifier water indicated a need for partial removal of 
ammonia and floating oily materials prior to biological processing. 
linkages of suitable SYNTHANE wastewater processing steps with preliminary process 
proof of principle data is discussed by Johnson, et al. ( 4 ) .  In this experimental 
approach, ammonia is reduced from 10,000 mg/l to about 500 mg/l via batchwise air 
stripping at an elevated pH. 
alkalinity of the wastewater reducing the chemical requirements of future pH manipulations. 

An overview of 

This treatment also results in an 80% reduction of the 

The removal of trace suspended oils and tars is accomplished by pH depression 
with sulfuric acid and alum coagulation. 
about 50% of the wastewater oils, grease and tars are removed in this step. Filtration 
of the treated effluent assures no particulate carry-over to the biological reactor. 
In larger scale installations, this filtration step would be replaced by sedimentation, 
sand bed filtration or dissolved air flotation. 

About 20% of the influent soluble TOC and 

Experimental Protocol 

internal clarifiers to provide recirculation of settled bio-sludge. 
accomplished via micro-bellows pumps: The prepared feed for each reactor was kept at 
about 4°C via a large chilled water bath. Appropriate levels of mono and dibasic 
potassium phosphate were then added as nutrients to the feed so that the influent 
TOC/N/P ratios were about 60/6/1 with a buffered pH of about 7.5. However, both 
phosphate and nitrogen were periodically monitored to assure ample supply. 
and effluent samples of each bioreactor were monitored for pH, suspended solids, 
volatile suspended solids (used as a monitor of biomass level), phenolics, biochemical 
oxygen demand (BOD), chemical oxygen demand (COD), and total organic carbon (TOC). 
Both sludge volume index and specific oxygen consumption were monitored once steady 
state was achieved. Prepared feed to the biological reactors was diluted with tap 
water for appropriate kinetic determinations. In most cases, the hydraulic detention 
time was kept at about 1 day while the sludge age and applied organic loading varied 
as independent parameters. 

Continuously operated 7-liter biological reactors were designed with adjustable 
Pumping was 

Influent 

Biological growth kinetic analysis indicates that the net growth rate of biomass 
follows the relationship: 

- =  it uX - bX 
where: u = specific growth rate (day-') 

X = volatile suspended solids (mg/l, a measure of con- 
centration of biological solids) 

b = endogenous decay coefficient (day-') 
t = time 

The specific growth rate (u) is a kinetic function, and is therefore related to 
the nature of the organic substrate, pH, temperature, toxicant levels, limiting 
nutrients, etc. Thus, for conditions where only the organic substrate (S) ambient to 
the organisms is allowed to vary,.with all other parameters essentially constant, we 
may write: 
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where f(S) is a derived k i n e t i c  equation expressing the  r a t e  of biomass growth as a 
function of s u b s t r a t e  concentration. 

The growth of organisms (dX/dt) i s  a l s o  r e l a t ed  t o  the r a t e  of subs t r a t e  u t i l i -  
za t ion  (dS/dt)  by the  r e l a t ionsh ip :  

dX/dt = a(dS/d t )  - b X 3) 

where a = y ie ld  c o e f f i c i e n t  (wt biomass/wt subs t r a t e  used) 

Equation 2 may be wr i t t en  i n  terms of t he  s p e c i f i c  u t i l i z a t i o n  r a t e  of subs t r a t e  
as: 

For aerobic  systems such as those u t i l i z e d  i n  t h i s  research, the  u t i l i z a t i o n  of 
oxygen i s  r e l a t ed  t o  t h e  oxygen required f o r  subs t r a t e  bio-oxidation, and t o  t h e  
oxygen required f o r  maintenance of the  c e l l u l a r  biomass. 
equation may be w r i t t e n  of t he  form: 

Thus, an oxygen u t i l i z a t i o n  

where: a '  = oxygen u t i l i z a t i o n  coe f f i c i en t  (wt 0 / w t  subs t r a t e )  2 
b' = endogenous constant (wt O2 used/wt biomass-day) 

The approach used i n  t h i s  research i s  t o  eva lua te  the  cons tan ts  of Equations 3 
and 4, and determine t h e  func t iona l  form of Equation Za, t he  governing k i n e t i c  equation, 
f o r  severa l  measures o r  bases of organic subs t r a t e  i n  SYNTHANE g a s i f i e r  wastewater. I 
Test Results 

weeks t o  months, dur ing  which time steady s t a t e  was achieved and sus ta ined .  
Each "run" f o r  t h e  continuous b io logica l  r eac to r s  l a s t e d  a period of s eve ra l  

During each run, t h e  feed t o  the major i ty  of the  r eac to r s  was d i lu t ed  with tap 
water t o  15% 2 5% concentration of g a s i f i e r  condensate, the  exact value depending on 
t h e  TOC l e v e l  of t he  s p e c i f i c  wastewater sample. Thus, each da ta  poin t  on Figures 1 
and 2 represents  a sus ta ined  steady s t a t e  condition wi th  in f luen t  feed being composed 
of e f f luent  from a series of Montana coa l  gas i f i ca t ion  runs,  t he  o v e r a l l  i n f luen t  TOC 
being held constant.  Three experimental runs, however, were conducted with undiluted 
g a s i f i e r  water i n  order  t o  determine p o t e n t i a l  devia t ions  from developed bio-kinetics 
a n d ' t o  i l l u s t r a t e  "worst case" conditions f o r  e f f luen t  qua l i t y  s t a b i l i t y .  
po in ts  a r e  a l s o  i d e n t i f i e d  on Figures 1 and 2. 

These 

Analysis of da t a  from the  d i lu t ed  g a s i f i e r  feeds  ind ica ted  t h a t  a f i r s t  order 
re la t ionship  of t h e  form: 

5 )  

d id  not go through t h e  o r ig in .  
f r a c t i o n  of TOC i n  g a s i f i e r  water. 

This ind ica ted  t h e  ex is tence  of a non-degradable 
For the  15% concentrations used, t h i s  value 
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appeared to  be on t h e  o rde r  of about 50 mg/l. 
f i t  a c l a s s i c a l  Monod r e l a t i o n s h i p  ( l o ) ,  modified t o  r e f l e c t  the  non-degradable TOC 
f r a c t i o n ,  of t he  form: 

The set of observed da ta  w a s  found t o  

A TOC 1 = r' (TOC-50) r =  - 
A t X k + (TOC-50) 

where: r' = maximum s p e c i f i c  rate of TOC u t i l i z a t i o n  ( l b  TOC/lb VSS-day) 

r = measured s p e c i f i c  r a t e  of TOC u t i l i z a t i o n  ( lb  TOC/lb VSS-day) 

(TOC-50) = biodegradable l e v e l  of so luble  TOC ambient t o  biomass (mg/l) 

k = constant (mgll) 

The values of  r '  and k may be graphica l ly  determined, using l i n e a r  regress ion  
techniques, by noting t h e  inver ted  or Lineweaver-Burk (10) l i n e a r  form of the  equation 
as:  

k 1  1 l / r  = r, ~ (TOC-50) + 7' 7) 

A p l o t  of l / r  agains t  1/(TOC-50) should y i e ld  a s t r a i g h t  l i n e  i f  t h e  func t iona l  form 
of the  k i n e t i c  equation f i t s  Monod type k ine t i c s .  
determination of such cons tan ts  from s lope  and in t e rcep t  ana lys i s ,  y ie ld ing  t h e  
r e s u l t :  

Figure 1 i l l u s t r a t e s  t h e  graphica l  

A TOC 1 = 0.538 (TOC-50) 
A t X 133 + (TOC-50) 8) 

1 

i 

This equation is p lo t t ed  on Figure 2 with da t a  poin ts  f o r  comparison. It should be 
noted tha t  t he  three  s teady  state values f o r  TOC u t i l i z a t i o n  f o r  t he  r eac to r s  wi th  
undiluted condensate feed  do not  f i t  t he  o v e r a l l  k i n e t i c s  obtained. 
explanation f o r  these  phenomena is  tha t  some t ox ic  i n h i b i t o r  e x i s t s  i n  SYNTHANE p lan t  
wastes i n  concent ra t ions  which become s i g n i f i c a n t  only a t  SYNTHANE condensate concentra- 
t i o n s  stronger than t h e  15% value  used f o r  k i n e t i c  determinations.  Also, one should note 

One poss ib le  

1 
t h a t  t he  nonbiodegradable por t ion  of t he  undiluted condensate would b e  l a r g e r  than 
t h e  50 mg/l value c i t ed .  
TOC concentration of t h e  wastewater and t o  determine if tox ic  i n h i b i t i o n  does e x i s t .  

Inves t iga t ions  are underway t o  quant i fy  the non-biodegradable 

The func t iona l  form of the  k i n e t i c  equation f o r  BOD u t i l i z a t i o n  did not s imi l a r ly  
co r re l a t e  i n  accord w i t h  Monod k ine t i c s .  
BOD from 2 mg/l t o  130 mg/l ,  t he  BOD u t i l i z a t i o n  da ta  b e s t  f i t  t h e  r e l a t ionsh ip :  

Figure 3 ind ica t e s  t h a t ,  f o r  t h e  range of 

- A BOD 1 = 0.182 ( l b  BOD used/lb VSS-day) 9) 
A t  X 

Some s c a t t e r  e x i s t s  i n  t h i s  co r re l a t ion ,  however, i t  should be noted t h a t  BOD measure- 
ments are ,  by na ture  of t he  t e s t ,  subjec t  t o  considerable error and scatter (7) .  

Development of a s u i t a b l e  co r re l a t ion  for s p e c i f i c  phenol u t i l i z a t i o n  r a t e s  from 
g a s i f i e r  water is d i f f i c u l t  since phenol, as measured by Standard Methods .(7), ie a 
color imet r ic  test s e n s i t i v e  to  phenol, c r e so l s ,  and o ther  aromatic hydrocarbons t o  
various degrees. 
s p e c i f i c  u t i l i z a t i o n  rate bes t  appears t o  f i t  t he  r e l a t ionsh ip :  

For phenol l e v e l s  of l e s s  than 5 mg/l, Figure 4 shows t h a t  t he  

A (Phenol) 1 
A t  5 = 0.423 ( P h e n 0 1 ) ~ ' ~ ~  ( l b  phenol used/lbVSS-day) 10) 

This r e l a t ionsh ip  does not appear t o  properly model phenol u t i l i z a t i o n  over an 
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using a continuous equation of t he  form of modified Monod k ine t i c s :  

A (Phenol) 1 = 0.433 ( P h e n 0 1 ) ~ ' ~ ~  
A t  1.02 + ( P h e n ~ l ) ~ . ~ '  

Figure 5, however, a l so  ind ica t e s  t h a t  over t h e  wider range of phenol l e v e l s ,  t h e  
governing k ine t i c  equation f o r  spec i f i c  r a t e s  of phenol u t i l i z a t i o n  may be best 
approximated by a zero order r e l a t ionsh ip  of t he  form: 

( l b  phenol usedl lb  VSS-day) 12) A (Phenol) + = o.433 
A t  

f o r  phenol l eve l s  ambient t o  the organisms g rea t e r  than 10 mg/l, and a f i r s t  order  
r e l a t ionsh ip  f o r  lower phenol l eve l s .  As indicated above, due t o  t h e  non-specif ic i ty  
of t he  Standard Methods ( 7 )  phenol t e s t ,  a mixed model f o r  phenol u t i l i z a t i o n  may be 
expected. It  should a l s o  be an t i c ipa t ed  t h a t  s imi l a r  models based on pure phenol 
bio-degradation would g ive  d i f f e ren t  numerical r e s u l t s .  

Parameters f i t t i n g  t h e  biomass production equation (Equation 3) are developed as 
shown i n  Figure 6. From t h i s  f igure,  i t  may be seen tha t :  a = 0.367 l b  biomass 
produced/lb BOD removed; and the  decay coe f f i c i en t  is: 

Similar curves shown on Figure 7 were developed f o r  oxygen consumption i n  accord 

b = 0.033/day. 

with Equation 4 ,  yielding the  following r e s u l t s  f o r  "a"' and "b"'. 

a '  b '  
endonenous r e s p i r a t i o n  

Substrate  

coe f f i c i en t  
Basis . l b  0, used/ lb  s u b s t r a t e  removed l b  O,/lb VSS-day 

& L 

BOD 

TOC 

COD 

0.747 

1.680 

0.562 

0.110 

0.090 

0.093 

With b iok ine t i c  parameters f o r  s u b s t r a t e  u t i l i z a t i o n  rates and necessary sludge 
production and r e sp i r a t ion  parameters f o r  t he  degradation of SYNTHANE wastes,  process 
design computations f o r  a suspended f i l m  b io log ica l  r eac to r  of t h e  ac t iva t ed  sludge 
type become r o t e  (11). 

Process S t a b i l i t y  Observations 

appl icable  t o  larger-s ize  f a c i l i t i e s ,  s imi l a r  extrapolat ions regarding process s t a b i l i t y  
should not be made. 
quant i ty  f luc tua t ions  due t o  s l i g h t  deviat ions i n  pumping rates, minor laboratory 
temperature va r i a t ions ,  e t c .  
r e l a t i v e l y  greater  magnitude than t h a t  found i n  larger-scale  operat ions.  
example of t he  process s t a b i l i t y  t h a t  might be found i n  a large-scale  treatment 
p l an t ,  Figure 8 i l l u s t r a t e s  a p robab i l i t y  p l o t  of e f f l u e n t  TOC f o r  a one-stage b io log ica l  
r eac to r  with undiluted Montana condensate a s  feed. 
from t h i s  reactor  was  less than 448 mg/l 50% of t h e  time, while t h e  i n f l u e n t  TOC was 
3979 mg/l, indicat ing a process e f f i c i ency  of 89% o r  b e t t e r  50% of t h e  time. 

While k ine t i c  and stochiometric da t a  obtained from laboratory-s ize  r eac to r s  are 

Laboratory-size r eac to r s  demonstrate both e f f l u e n t  qua l i t y  and 

Such unavoidable deviat ions i n  small  equipment i s  of a 
A s  a "worst case" 

For example, the e f f l u e n t  TOC 

An asymptote of about 415 mg/l is evident i n  t h i s  f i gu re ,  i nd ica t ing  t h a t  t h i s  
i s  t h e  approximate l e v e l  of non-biodegradable TOC i n  these  samples of SYNTHANE Montana 
condensate. 
about 50 mg/l i n  a 10% t o  20% concentration of g a s i f i e r  wastewater a s  being the  non- 
biodegradable f r ac t ion .  

This value is i n  f a i r  agreement with the  data  shown i n  Figure 2 ,  indicat ing 
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Summary and Conclusions 

1) Data is presented on a normalized b a s i s  f o r  key pol lu tan t  parameters from the  
S m W E  gas i f i ca t ion  of Montana Rosebud, I l l i n o i s  116, and North Dakota l i g n i t e  
coals.  These values a r e  of t he  same order  of magnitude a s  ex i s t ing  l imi ted  published 
da ta  from other second generation gas i f i ca t ion  f a c i l i t i e s ,  and less than t h a t  from 
t h e  Westfield, Scotland Lurgi gas i f i ca t ion  of Rosebud coa ls .  

2)  Biological k ine t i c  parameters, sludge production parameters, and oxygen u t i l i z a t i o n  
parameters a r e  es tab l i shed  f o r  t he  ac t iva ted  sludge treatment of wastewater from the  
SmHANE gas i f i ca t ion  of Montana Rosebud coal.  The following represent  equations of 
bes t  f i t  f o r  t he  b iokine t ics  of ac t iva t ed  sludge treatment of d i lu t ed  wastewaters 
from the SYNTHANE gas i f i ca t ion  of Rosebud coal:  

a )  Basis f o r  Spec i f ic  
U t i l i za t ion  (r) Equation Comments 

l b  TOC/lb-VSS-day r =  0.538(TOC-50) TOC < 800 mg/l 133 + (TOC-50) 

l b  BOD/lb-VSS-day r = 0.182  BOD)'"'^ BOD < 130 mg/l 

l b  Phenol/lb-VSS-day r = 
0.58 
o.58 Phenol < 80 mg/l 0.433 (Phenol) 

1.02 + (Phenol) 

BOD sludge y i e ld  coe f f i c i en t  of 0.37 l b  VSS/lb BOD and decay c o e f f i c i e n t  of 

Oxygen u t i l i z a t i o n  coe f f i c i en t s  are:  1.68 l b  02/ lb  TOC, 0.747 l b  OZ/lb BOD, and 

b) 
0.033/day. 

c )  
0.562 l b  OZ/lb COD with an endogenous r e sp i r a t ion  coe f f i c i en t  of 0.093 l b  02 / lb  VSS- 
day. 

3) 
condensate i s  not b io logica l ly  degradable. This may correspond t o  about 400 100 
mg/l TOC f o r  such wastewaters. 

4 )  Based on experimental observations from t h e  b io logica l  treatment of Montana 
Rosebud condensates, a one-stage aerobic  b io log ica l  reac tor  with sludge age of 10 
days and hydraulic de ten t ion  t i m e  of about 1 day is capable of t r e a t i n g  SYNTHANE by- 
product wastewater. 

5) 
of SYNTHANE g a s i f i e r  water, and is probably appl icable  t o  o ther  f i r s t  and second 
generation gas i f i ca t ion  wastewaters. 
remove a l l  organics from g a s i f i e r  wastewater. 
of t h e  chemical na ture  and po ten t i a l  processes f o r  fu r the r  treatment of t h e  b io logica l ly  
t r ea t ed  e f f luen t  i s  an a rea  of high p r i o r i t y .  

About 12X of t h e  TOC i n  the  feed t o  b io log ica l  r eac to r s  from Montana g a s i f i e r  

Biological processing should have a major r o l e  i n  t h e  water po l lu t ion  abatement 

Bio logica l  processing cannot, however, completely 
Research seeking answers to  questions 
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INTRODUCTION 

Large quantities of by-product wastewater are associated with 
many of the major processes employed for synthetic fuels manufact- 
ure (L). Typical examples are water used to scrub dust, tar, and 
soluble organic compounds from the product of coal gasification and 
by-product water from the retorting of oil shale. Depending upon 
the source, these waters may contain substantial quantities of phen- 
ols, dissolved nitrogenous organic compounds, polycyclic aromatic 
hydrocarbons, biodegradable organics exerting a biological oxygen 
demand, heavy metals, ammonia, and other solutes, As both potent- 
ially valuable by-products and pollutants, the removal of these 
substances from by-product water is required. 

It is imperative that economics and practicality be given the 
utmost consideration in the development of processes for the treat- 
ment of large quantities of by-product water from synthetic fuels 
manufacture because of the enormous quantities of water involved 
in a commercial synthetic fuels industry. Water treatment systems 
requiring expensive synthetic chemicals, elaborate apparatus, and 
intricate operations cannot be employed economically on a commerc- 
ial scale. These considerations tend to exclude processes depend- 
ing upon the use of large quantities of synthetic ion exchange res- 
ins, synthetic flocculents, and similarly expensive chemicals. Fur- 
thermore, for economic reasons and to avoid disposal of excessive 
amounts of waste chemicals, recyclable chemicals or those with a 
fuel value must be employed wherever possible. 

This research has examined the uses of coal humic substances 
(CHS) for the treatment of by-product water. These materials meet 
the criteria of ready availability, low cost, and processing sim- 
plicity. In addition, similar substances can be isolated from oil 
shale, and it is possible that these materials may find uses in 
pollution control. The preparation, properties, and selected appli- 
cations of these materials to pollution control are discussed in 
this report. 
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PREPARATION AND PROPERTIES OF COAL HUMIC SUBSTANCES 

Humic substances are degradation resistant organic compounds 
derived from vegetable matter. These materials participate signif- 
icantly in the environmental chemistry of water and soil (2). Hum- 
ic substances are divided into three main categories based upon 
extraction with base and subsequent treatment of the extract with 
mineral acid: (a) a non-extractable residue called h u m i n ,  (b) hum- 
i c  a c i d  precipitated when the extract is acidified, and (c) f u l v i c  
a c i d  remaining in the acidified solution. Additional details re- 
garding the significance and properties of these fractions are to 
be found in the literature (2). 

base extraction of coal. In this work the general term, c o a l  h u m i c  
s u b s t a n c e s  (CHS) is employed to describe these materials. The major 
categories of coal humic substances considered herein are c o a l  h u m i c  
a c i d s  (CHA), water-soluble coal humates ( e . g . ,  the sodium salt of 
coal humic acid), and water-insoluble coal humates (particularly 
the calcium salt of coal humic acid). Numerous works have been pub- 
lished dealing with coal humic substances. These are summarized in 
two publications (A,?) dealing with the subject. 

partial oxidation of coal under moist conditions. This occurs by 
way of the general sequence shown in Figure 1. Figure 2 shows a 
hypothetical "molecule" of coal humic acid. It should not be taken 
as an exact, or even typical structure, but rather to illustrate 
the main structural and functional characteristics of this material. 

Humic substances may be prepared by the partial oxidation and 

Coal humic substances are formed as intermediate steps in the 

Coal humic acids and their humate salts have a number of pro- 
perties which make them potentially useful for wastewater treatment. 
These properties, and their potential applications to wastewater 
treatment, are the following: 

1. Coal humates react with H+ ion in solution. Therefore, 
solutions of soluble coal humates or suspensions of insol- 
uble coal humates may be employed to neutralize mineral 
acid in excessively acidic wastewaters, or to sorb acid 
gases, such as SOz,  from gas streams. 

2. Coal humic acids and most coal humates (other than alkali 
metal, magnesium, and ammonium humates) are water-insoluble. 
This provides a solid phase into which impurities may be 
partitioned and removed from wastewater and enables removal 
of humic substances from water that has been treated with 
these materials. Suspended solids in wastewater are en- 
trained and removed by the precipitation of humates. 

3 .  Heavy metal ions strongly chelated by coal humic substances 
may be removed by precipitation of the chelates or sorption 
of the chelates by a solid sorbent. 

4 .  Some classes of organic compounds are sorbed by humic acids 
and insoluble coal humates enabling their removal from water. 
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5. Coal humic acids behave as flocculents in the precipitat- 
ion of inorganic compounds, such as metal hydroxides or 
carbonates, produced in water treatment. 

6. Solutions of coal humates foam strongly, leading to potent- 
ial applications in froth flotation treatment of water. 

EXPERIMENTAL 

Coal humic acid used in these studies was prepared by nitric 
acid oxidation of Wyoming Wodak Amax sub-bituminous coal. Each 
batch consisted of 100 g of pulverized coal slurried to a thick 
paste with water. A volume of con. nitric acid equal to the volume 
of the coal slurry was added in 10 small batches, with stirring, 
over a 1-hour period. B e c a u s e  of t h e  e v o l u t i o n  of N O 2  g a s  and t h e  
p o s s i b i l i t y  of v i o l e n t  e j e c t i o n  of t h e  m a t e r i a l  f r o m  t h e  conta iner ,  
t h i s  o p e r a t i o n  m u s t  be p e r f o r m e d  c a u t i o u s l y  i n  a hood w i t h  p r o p e r  
s h i e l d i n g .  The mixture was allowed to stand for 2 hours after the 
addition of all nitric acid. It was then washed with approximately 
3 times the volume of residual solid by each of the following in 
sequence: (1) 3 separate batches of distilled water, (2) 1 batch 
Of con. HC1 for iron extraction, and (3) 3 separate batches of 
distilled water. The humic and fulvic acid fractions were then 
dissolved in 500 ml of 1.0 M_ NaOH, the solid residues were removed 
by centrifugation, and coal humic acid precipitated at pH 3 with 
con. HC1. After settling overnight, the humic acids were removed 
by centrifugation and washed twice with l ~ l O - ~  M_ HC1, followed by 
centrifugation after each washing. 

The removal of organic compounds labeled with radioactive 
carbon-14 from oil shale retort water was followed with a Beckman 
Instruments Model LS-9000 liquid scintillation spectrometer. Aq- 
ueous samples (0.5 - 1.0 ml) were counted in 12 ml of Dimilume-30 
(Packard Inst. Corp.). All samples were counted for a sufficient 
time to achieve a 2-sigma statistical counting error of 1% or less 

The predominant cation in the oil shale retort water studied 
is NHI ion (271 meq/l) and the predominant anion is HCOS (247 meq/l). 
Approximately 75-ml quantities of this water were dosed with less 
than 1 mg/l of '14C-labeled compound whose removal was to be studied. 
A 50-ml portion of the spiked retort water was removed and 1.0 g 
of coal humic acid gel added to this portion, dissolving to form 
a black coal humate solution in the basic mediyn. Three 8-ml port- 
ions of labeled retort water (without added humic acid) and three 
8-ml portions containing added humic acid were measured into 15-ml 
centrifuge tubes. Exactly 206 mg of solid Ca(OH)2, 10 percent 
greater than that required stoichiometrically to remove all HCOj 
and COj-, was added to each tube followed by thorough mechanical 
agitation. A voluminous precipitate of CaC03, darkened by the 
presence of calcium humate in those samples containing dissolved 
coal humic substance, formed immediately. The samples were centri- 
fuged for 20 minutes at 2000 rpm, 0.5 or 1.0 ml aliquots of super- 
natant were withdrawn, and these were subjected to radioassay by 
liquid scintillation counting. Comparison of the supernatant to 
the untreated solution enabled calculation of the degree of removal 
of the spiked compound. 
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RESULTS AND DISCUSSION 

When c o a l  humic a c i d  i s  added t o  s h a l e  o i l  r e tor t  w a t e r ,  t h e  
r e a c t i o n ,  

H(CHS) + OH- i. (CHS)- + H 2 0  1) 
o c c u r s  i n  which t h e  i n s o l u b l e  c o a l  humic a c i d ,  H(CHS), d i s s o l v e s  
i n  t h e  b a s i c  medium, producing  coal humate an ion ,  ( C H S ) - /  and t u r n -  
i n g  t h e  water  an opaque b lack  c o l o r .  A d d i t i o n  o f  C a ( O H I 2  ( l i m e )  
t o  t h e  medium c o n t a i n i n g  ammonium, b i c a r b o n a t e ,  c a r b o n a t e ,  and CHS- 
i o n s  causes  t h e  f o l l o w i n g  r e a c t i o n s  t o  occur:  

Ca(0H) 2 + 2 N H i  + Cog- + CaC03+ +2NH34 + 2H20  

Ca(0H) + 2HCO; -f CaC03+ + 2H20 + CO$- 3) 
+ 2(CHS)- + 2HCO; i. Ca(CHS)zS + 2CO;- + 2H20 

2)  

4 )  

The s o l u b i l i t y  o f  ca lc ium c o a l  humate i s  comparable  t o  t h a t  o f  
CaC03 so t h a t  it i s  n e c e s s a r y  t o  remove t h e  g r e a t e r  p a r t  o f  t h e  
b i c a r b o n a t e  and c a r b o n a t e  t o  ensure  e s s e n t i a l l y  comple te  removal 
o f  d i s s o l v e d  (CHS)-. When t h i s  i s  done and t h e  s u s p e n s i o n  c e n t r i -  
fuged,  t h e  s u p e r n a t a n t  l i q u i d  i s  a g a i n  t r a n s p a r e n t  and i n d i s t i n g -  
u i s h a b l e  from t h e  o r i g i n a l  r e t o r t  water p r i o r  t o  t h e  a d d i t i o n  of  
c o a l  humic a c i d .  The p r e c i p i t a t e  i s  a he terogeneous  d a r k  g r a y  mass 
c o n s i s t i n g  o f  a m i x t u r e  o f  Ca(CHS)2 and CaC03. 

I m p u r i t i e s ,  i n c l u d i n g  o r g a n i c  i m p u r i t i e s ,  may b e  c o p r e c i p i -  
t a t e d  w i t h  CaCO i n  o i l  s h a l e  r e t o r t  water  t r e a t e d  w i t h  l i m e ,  o r  
w i t h  C a ( C H S ) 2  i$ coal humic a c i d  has  been added. This  phenomenon 
i s  shown i n  Table  1. Examinat ion of  t h i s  t a b l e  shows a wide v a r i -  
a t i o n  i n  removal e f f i c i e n c y  w i t h  compound. Removal o f  t h e  o r g a n i c  
a c i d s  i s  a lmost  c e r t a i n l y  as t h e  ca lc ium sa l t ,  and removal e f f i c -  
i e n c y  should  i n c r e a s e  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  because  o f  
s o l u b i l i t y  product  c o n s i d e r a t i o n s .  I n  a l l  c a s e s  t h e  a d d i t i o n  of  
a s m a l l  q u a n t i t y  o f  coal humic a c i d  s i g n i f i c a n t l y  enhances removal. 
Increased  removal  o f  c a r c i n o g e n i c  b e n z ( a ) p y r e n e  by t h e  a d d i t i o n  
of  c o a l  humic a c i d  i s  q u i t e  s i g n i f i c a n t .  By t a k i n g  o u t  a n  a d d i t -  
i o n a l  2/3 of t h e  b e n z ( a ) p y r e n e  t h a t  s imple  l i m e  t r e a t m e n t  d i d  n o t  
remove, c o a l  humic a c i d  could  w e l l  make t h e  d i f f e r e n c e  between a 
m a r g i n a l  t r e a t m e n t  and adequate  removal of  t h i s  i m p o r t a n t  compound. 

removed compound, perhaps  i n d i c a t i n g  t h a t  t h e  removal o f  a r o m a t i c s  
i n c r e a s e s  w i t h  i n c r e a s e d  condensa t ion .  T h e r e f o r e ,  t r e a t m e n t  w i t h  
l i m e  p l u s  c o a l  humic a c i d  v e r y  l i k e l y  y i e l d s  e f f i c i e n t  removal o f  
po lynuclear  a r o m a t i c  compounds and tars.  

f o r  by-product w a t e r  t r e a t m e n t  a s  no ted  i n  t h e  I n t r o d u c t i o n .  F l y  
a s h  h a s  been i n v e s t i g a t e d  as a s o u r c e  of b a s e  f o r  t h e  p r e p a r a t i o n  
of c o a l  humates, y i e l d i n g  p r i m a r i l y  calcium and magnesium humates. 
D e t a i l s  of t h i s  p r e p a r a t i o n  and i t s  p o t e n t i a l  u s e s  are g i v e n  i n  a 
r e f e r e n c e  d e a l i n g  w i t h  t h e  s u b j e c t  ( 5 ) .  I n  a d d i t i o n  t o  p r o v i d i n g  
a s o u r c e  of b a s e ,  f l y  a s h  so t r e a t e d - i s  less s u s c e p t i b l e  t o  l e a c h i n g  
and more amenable t o  d i s p o s a l  i n  a s a t i s f a c t o r y  manner. 

Ca(0H) 

I t  i s  noted t h a t  naphtha lene  i s  t h e  second m o s t  e f f i c i e n t l y  

Coal humates, t h e  s a l t s  o f  c o a l  humic a c i d s ,  have some u s e s  
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TABLEi 1. Removal of Carbon-14 Labeled Compounds from Oil 
Shale Retort Water by Treatment with Lime and Lime Plus 
Coal Humic Acid. 

Percent removal 
Percent removal with lime plus coal 

Compound with lime humic acid 
Ben2 (a) pyrene 97.5 99.2 
Naphthalene 50.4 69.2 
Phenol 1.28 5.61 
Benzoic acid 

(benzoate 
anion) 0.00 3.99 

Octanoic acid 
(octanoate 
anion 10.7 

KCN (cyanide 
ion) 5.08 

27.9 

8.74 
Carbonate 
species* 94.4 not measured 

* Spiked with “C-labeled Na2C03, largely converted to 
HC05 ion by equilibria in the solution. 
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c o a l  su r f ace -ox id ized  c o a l  c o a l  humic a c i d  formed by 
w i t h  oxygen-containing breaking  down b a s i c  c o a l  
f u n c t i o n a l  groups  a t -  s t r u c t u r e  and i n t r o d u c i n g  
t a c h e d ,  b u t  b a s i c  oxygen-containing f u n c t -  
s t r u c t u r e  i n t a c t  i o n a l  groups  

F I G U R E  1. P a r t i a l  o x i d a t i o n  of  coal t o  form s u r f a c e - o x i d i z e d  c o a l  
and c o a l  humic a c i d  

FIGURE 2 .  R e p r e s e n t a t i o n  of a c o a l  humic a c i d  molecule showing 
t h e  predominant  s t r u c t u r a l  and f u n c t i o n a l  f e a t u r e s .  
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HOT GAS STRIPPING OF SIMULATED I N  SITU OIL SHALE RETORT WATER 
2 
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I n t r o d u c t i o n  

The l a r g e  q u a n t i t y  o f  water produced by i n  s i t u  o i l  sha le  r e t o r t i n g  processes 
poses a p o t e n t i a l  p o l l u t i o n  problem o f  s i g n i f i c a n t  magnitude. 
experiments conducted i n  t h e  Laramie NTU type  s imu la ted  i n  s i t u  r e t o r t s  have been 
examined (1) and have been shown t o  con ta in  l a r g e  concen t ra t i ons  o f  o rgan ic  and i n -  
organic  species t h a t  cou ld  p o l l u t e  t h e  environment i f  n o t  removed p r i o r  t o  d i sposa l  
of t h e  water .  A s tudy by Cook (2)  o f  water  produced f rom t h e  Tosco I1 process r e -  
vealed t h e  presence o f  a v a r i e t y  o f  o rgan ic  m a t e r i a l s  t h a t  cou ld  a l s o  harm t h e  
environment. Fur ther ,  Hubbard ( 3 )  s tud ied  t h e  process water  produced b y  the  Bureau 
of Mines gas combustion r e t o r t  operated a t  R i f l e ,  Colorado, and t h e  wa te r  produced 
from the  i n  s i t u  r e t o r t i n g  process near  Rock Springs, Wyoming. 
waste water  produced by b o t h  processes conta ined e s s e n t i a l l y  t h e  same components 
a1 though i n  d i f f e r e n t  q u a n t i t i e s .  
t o  t r e a t  t h e  waste water. 
a c t i v a t e d  carbon, a c a t i o n  exchange res in ,  and f i n a l l y  an i o n  exchange r e s i n .  
h i s  second scheme he suggested t h a t  t h e  waste water  should f i r s t  be con tac ted  w i t h  
a c t i v a t e d  carbon and then w i t h  l i m e  and t h e  i o n  exchange r e s i n s .  
i t  may be poss ib le  t o  recove r  ammonia and ammonia s a l t s  i n  a d d i t i o n  t o  p u r i f y i n g  t h e  
water. 

A number o f  o t h e r  i n v e s t i g a t o r s  have a l s o  s tud ied  var ious r e t o r t  waters  and 

Waters c o l l e c t e d  f rom 

He found t h a t  t h e  

Hubbard suggested two s l i g h t l y  d i f f e r e n t  schemes 
One was t o  f i r s t  c o n t a c t  t h e  water  wi th l i m e  fo l l owed  by: 

He concluded t h a t  

I n  

have found e s s e n t i a l l y  a l l  t h e  species i d e n t i f i e d  i n  t h e  work o f  Jackson e t  a l .  ( 1 ) .  
Using t h e  assumption O f  Harak, Long, and Carpenter (4), t h a t  one b a r r e l  o f  water  i s  
produced wi th each b a r r e l  o f  o i l ,  a 50,000 b a r r e l  p e r  day i n  s i t u  process would p ro -  
duce 2352 ac re  feet  o f  wa te r  annual ly .  Consequently, t h e  s tudy  o f  methods t o  t r e a t  
r e t o r t  water i s  ve ry  impor tan t  t o  t h e  development o f  a v i a b l e  shale o i l  i n d u s t r y .  

The most p reva len t  spec ies found i n  t h e  r e t o r t  water a r e  t h e  ammonium i o n s  and 
t h e  carbonates. Because they  a re  present  i n  l a r g e  q u a n t i t i e s ,  13,000 ppm ammonia 
and 45,000 ppm carbonates, t hey  must be d e a l t  w i t h  p r i o r  t o  t h e  t rea tmen t  o f  r e t o r t  
water by e i t h e r  adso rp t i ve  o r  i o n  exchange techniques. A search of  t h e  l i t e r a t u r e  
(5-19) revealed t h a t  t h e  pet ro leum i n d u s t r y  r o u t i n e l y  uses h o t  gases, p a r t i c u l a r l y  
steam and f l u e  gases, t o  s t r i p  sour water c o n t a i n i n g  H2S and NH3. Because o f  t h e  
success o f  t h e  pet ro leum i n d u s t r y  i n  removing H2S and NH3, t h e  removal o f  ammonium 
i o n s  and carbonates from r e t o r t  wa te r  appears f e a s i b l e  and w i l l  be addressed i n  t h i s  
study. 

Experimental 

s t r i p p i n g  column equipped w i t h  f l u i d  hand l i ng  dev ices,  heat  t r a n s f e r  equipment, 
and temperature and pressure mon i to r i ng  sensors; a schematic o f  t h e  apparatus i s  
shown i n  F igu re  1. The l i q u i d  feed i s  i n t roduced  i n t o  t h e  column w i t h  a v a r i a b l e  
speed diaphram type me te r ing  pump and the  f l o w  r a t e  i s  measured w i t h  a ro tameter .  
P r i o r  t o  e n t e r i n g  t h e  column, t h e  feed  wa te r  f l ows  through a t h r e e  zone e l e c t r i c a l  
res i s tance  furnace where i t  i s  heated t o  t h e  des i red  temperature. 

The equipment used i n  c a r r y i n g  o u t  t h e  exper imenta l  s tudy  c o n s i s t s  o f  a 

The gas system i s  p r e s e n t l y  s e t  up f o r  two types o f  gases; one i s  steam supp l i ed  
by a m i n i a t u r e  steam generator ,  t h e  second i s  a b o t t l e d  gas, such as compressed 
n i t r o g e n  o r  a i r .  The gas a l s o  f l ows  through an e l e c t r i c a l  r e s i s t a n c e  furnace where 
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heat  is  t r a n s f e r r e d  i n t o  a twenty f o o t  l o n g  s e c t i o n  o f  t i g h t l y  c o i l e d  s t a i n l e s s  
s t e e l  tub ing.  From t h e  furnace,  t he  s t r i p p i n g  gas passes through a rotameter  and 
i s  i n j e c t e d  i n t o  t h e  bo t tom o f  the column where i t  f l ows  upward, coun te rcu r ren t  t o  
the  downward f l o w i n g  l i q u i d  feed. 
passes through a smal l  w a t e r  cooled hea t  exchanger, t hen  through two wa te r  t raps  
and f i n a l l y  i s  vented t o  t h e  atmosphere. The s t r i p p e d  water  f l ows  f rom t h e  bottom 
o f  t h e  column, through another  small  heat  exchanger and i s  c o l l e c t e d  f o r  subsequent 
anal y s i  s. 

i n l e t  and o u t l e t  p o r t s  on t he  column as w e l l  as on t h e  heat  exchangers. 
t h e  i n l e t  temperatures o f  t he  gas and l i q u i d  streams i s  made by two separate tem- 
p e r a t u r e  c o n t r o l l e r s .  
d i g i t a l  readout dev ice connected i n  p a r a l l e l  t o  a m i l l i v o l t  reco rde r .  The abso lu te  
pressure i s  moni tored w i t h  a pressure t ransducer  connected t o  a d i g i t a l  m i l l i v o l t  
o u t p u t  device. 

The column i t s e l f  i s  cons t ruc ted  o f  heavy w a l l ,  two i n c h  NPS g lass  p i p e  made 
up i n  s i x  sect ions o f  v a r y i n g  l eng ths  f o r  a t o t a l  h e i g h t  o f  n i n e  and one h a l f  feet; 
t h e  sect ions a r e  f l anged  toge the r  us ing  a Te f lon  type gasket m a t e r i a l .  The pack ing  
h e i g h t  can be v a r i e d  by u s i n g  one o f  f o u r  d i f f e r e n t  l i q u i d  i n j e c t i o n  p o r t s  a long 
t h e  column. 
t h e  l i q u i d  e x i t s .  The gas passes upward through t h e  i r r i g a t e d  pack ing and i s  removed 
from t h e  top  o f  t he  column. Connections f rom t h e  1/4 i n c h  s t a i n l e s s  s t e e l  t u b i n g  
and t h e  3/8 i n c h  g lass  column p o r t s  a r e  made by a combinat ion o f  f l e x i b l e  s t a i n l e s s  
s t e e l  hose and a s p e c i a l  T e f l o n  reducing union.  I n  o r d e r  t o  o b t a i n  r e p r e s e n t a t i v e  
data,  i t  has been suggested t h a t  t he  column d iameter  be approx imate ly  e i g h t  t imes 
g r e a t e r  than t h e  pack ing s i ze .  Consequently, t h e  two i n c h  column used i n  t h i s  s tudy 
i s  packed w i t h  1/4 i n c h  I n t a l o x  saddles. To decrease water  ent ra inment ,  four  inches 
of Pyrex g lass  wool i s  packed i n t o  t h e  t o p  o f  t h e  column. 
t i veness  of d r y  pack ing i n  d i s t r i b u t i n g  the l i q u i d  feed  across t h e  column, a f l o w  
d i s t r i b u t o r  has been i n s t a l l e d  i n  a l l  l i q u i d  i n l e t s .  

carbon d iox ide  from a s imu la ted  r e t o r t  water  have been measured us ing  t h e  bench 
sca le  s t r i p p e r  column. 
e f f e c t s  o f  l i q u i d  and gas f l o w  ra tes ,  t he  temperature o f  t he  s t r i p p i n g  gas and 
r e t o r t  water, and t h e  pack ing he igh t .  The e f f e c t s  o f  pH, l i m e  a d d i t i o n ,  and 
comparisons between a c t u a l  and s imulated r e t o r t  wa te r  a r e  p r e s e n t l y  underway, b u t  
as y e t  have n o t  been completed. 

The gas e x i t s  from t h e  t o p  o f  t h e  tower and 

Temperature measurements a r e  made by i n 1  i n e  thermocouple connect ions a t  a l l  
Contro l  o f  

The temperatures a r e  read t o  +2 degrees Fa renhe i t  from a 

The gas e n t e r s  t h e  bottom of t he  column j u s t  above t h e  p o i n t  a t  which 

Because of t h e  inef fec-  

The e f f e c t s  o f  seve ra l  key va r iab les  on t h e  deso rp t i on  r a t e s  o f  ammonia and 

the  I n  t h i s  s tudy a number o f  parameters a re  evaluated:  

2 Water f l o w  r a t e s  v a r i e d  ove r  he range o f  430 - 1,3001b/hr ft w h i l e  gas r a t e s  5 were v a r i e d  f rom 60 - 150 l b / h r  f t  . 
SCF/gal o f  feed, and a r e  w i t h i n  the  range used t o  s t r i p  comparable q u a n t i t i e s  of 
H2S and N H 3  f rom sour wa te r  r e f i n e r y  streams. 
temperature f o r  each run; t h e  s t r i p p i n g  temperatures were v a r i e d  f rom 160 - 200 OF. 
The packed h e i g h t  a v a i l a b l e  f o r  s t r i p p i n g  can be s e t  a t :  0.98, 2.79, 4.35, o r  7.21 
f e e t  b y  changing t h e  p o s i t i o n  o f  t h e  water  feed. 
two i n c h  column were such t h a t  t h e  approach t o  f l o o d i n g  v a r i e d  f rom 12 t o  20 percent. 
These values were ma in ta ined  t o  keep ent ra inment  o f  r e t o r t  wa te r  i n  t h e  gas t o  a 
minimum. 

The water used t o  da te  has been a s imu la ted  r e t o r t  water  c o n t a i n i n g  o n l y  
ammonium bicarbonate.  The pH o f  t h i s  water  was t h a t  o f  t h e  n a t u r a l  pH of t h e  
s o l u t i o n ,  7.8 - 8.0 and t h e  average concen t ra t i ons  o f  NH3 and HC03- were 11,000 PPm 
and 43,000 ppm r e s p e c t i v e l y .  

The l i q u i d  t o  gas r a t i o s  v a r i e d  f rom 6 - 35 

The column was mainta ined a t  a constant  

F lood ing  c h a r a c t e r i s t i c s  of t he  

Resu l t s  

Several o p e r a t i n g  parameters such as:  temperature, l i q u i d  and gas f l o w  ra tes ,  
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and column he igh t ,  were eva lua ted  t o  determine t h e i r  e f f e c t  on the  s t r i p p i n g  of a 
s imulated r e t o r t  water. 
presented by Van Kreve l i n ,  e t  a l . ,  (20) and Badger and Pexton (21), show t h a t  CO2 
has a p a r t i a l  pressure h i g h e r  than NH i n  t h e  vapor phase above t h e  aqueous s o l u t i o n  
c o n t a i n i n g  these compounds. 
e q u i l i b r i u m  data i s  t h a t  i t  i s  much more d i f f i c u l t  t o  s t r i p  NH3 from s o l u t i o n  than 
CO2. 
l a r g e r ,  gas t o  l i q u i d  f l o w  r a t e s ,  and/or  t a l l e r  columns. 

HC03 ,,are shown i n  F i g u r e  2 and t h e  corresponding graph f o r  t h e  removal o f  NH3 i s  
g i ven  i n  F igu re  3. 
and the  average gas f l o w  was 165 l b / h r  ft2. 
20, and 40 S F/gal o f  s o l u t i o n  feed. As can be seen, t h e  sma l les t  l i q u i d  f l o w  o f  

r a t i o  o f  40 SCF/gal corresponds t o  t h e  maximum gas f l o w  used by the  pe t ro leum in -  
d u s t r y  t o  s t r i p  H2S and NH3 from sour water. 
concen t ra t i ons  o f  both NH3 and HCO 
From the  f igure,  i t  i s  seen t h a t  t z e  HC03- concen t ra t i on  i n i t i a l l y  ranges f rom 35,000 
t o  47,000 ppm by weight  and r a p i d l y  decreases t o  250 - 1,300 ppm. 
i n i t i a l  concen t ra t i on  o f  15,000 ppm and drops t o  3.7 ppm f o r  t h e  lowest  l i q u i d  f low 
r a t e  a f t e r  passing through 7.2 f e e t  o f  packing. 

A s i t u a t i o n  s i m i l a r  t o  t h e  one above can be seen i n  F igures 3 and 4. I n  these 
graphs the  e f f e c t s  o f  a 40 pe rcen t  gas r a t e  i nc rease  a t  t h e  constant  l i q u i d  f low 
r a t e  o f  431 l b / h r  ft2 are  i l l u s t r a t e d ;  t h e  gas t o  l i q u i d  r a t i o s  a re  29 and 4 1  
SCF/gal. 
as much as a change i n  t h e  column he igh t .  A t  a packed h e i g h t  o f  o n l y  0.98 feet ,  
t h e  HCO3- concen t ra t i on  i s  reduced from 45,000 ppm t o  approx imate ly  21,500 ppm. The 
HC03- concen t ra t i on  i s  f u r t h e r  reduced t o  about 9,000 ppm a f t e r  2.69 f e e t  of pack ing 
and t o  about 4,000 ppm a f t e r  4.35 f e e t  o f  packing. 
t r a t i o n  l e a v i n g  t h e  bot tom of  t h e  column i s  about 1,000 - 2,000 ppm. These da ta  i n d i -  
c a t e  b icarbonate removal i n  t h e  range o f  98 percent  a t  o n l y  18OoF w i t h  a corresponding 
ammonia removal o f  97 percent .  A t  t h g  same gas t o  l i q u i d  r a t i o  of about 40 SCF/gal, 
an i nc rease  i n  t h e  temperature t o  200 F pe rm i t s  removal o f  g rea te r  than 99.5 pe rcen t  
HC03-,and 99.9 percent  NH3. F igu re  6 i l l u s t r a t e s  t h e  e f f e c t s  of  temperature on t h e  
q u a n t i t y  o f  HCO 
A t  t h i s  gas t o  ? i q u i d  r a t i o  Jhe chemical e q u i l i b r i u m  s h i f t s  w i t h  t h e  i nc rease  i n  
temperature from 180' t o  200 F t o  p rov ide  a l a r g e r  d r i v i n g  f o r c e  f o r  mass t rans fe r .  
The e q u i l i b r i u m  change w i t h  i n c r e a s i n g  temperature r e s u l t s  i n  h ighe r  gas p a r t i a l  
pressures of  NH3 and CO f o r  a g i ven  l i q u i d  composit ion. 
a s h o r t e r  column cou ld  Ee used t o  produce a g i ven  e f f l u e n t  composit ion. 

Conclusions 

Th is  study demonstrates t h a t  NH3 and CO2 can be e f f e c t i v e l y  removed f rom water  
by h o t  gas s t r i p p i n g .  
of 40 SCF/gal, t h e  ammonia concen t ra t i on  was reduced from 11,000 ppm t o  3.7 ppm and 
t h e  b icarbonate concen t ra t i on  was reduced from 47,000 ppm t o  220 ppm. These values 
r e f l e c t  a removal of about 99.5%. 

of  methods i n c l u d i n g  i n c i n e r a t i o n  and adsorpt ion.  Assuming an NH3 concen t ra t i on  o f  
13,000 ppm i n  a process t h a t  produces 50,000 b a r r e l s  o f  water  p e r  day, t h e  p o t e n t i a l  
ammonia recovery would be about 41,600 tons pe r  yea r .  
t o  t h e  f e r t i l i z e r  i n d u s t r y ,  i t s  recovery should be economical ly  f e a s i b l e .  

E q u i l i b r i u m  da ta  f o r  t h e  t e r n a r y  system NH3, CO2, and H20 

The conc?usion t h a t  may be drawn by examining t h i s  

When compared t o  CO2, t h e  removal o f  NH3 requ i res :  h i g h e r  temperatures, 

-The r e l a t i v e  e f f e c t s  o f  t h e  l i q u i d  f l o w  r a t e  on the  removal o f  b i ca rbona te  i o n s ,  

Fo r  t h i s  s e t  o f  runs, t h e  temperature was h e l d  cons tan t  a t  ZOOOF 
Th is  gas r a t e  corresponded t o  about  11, 

431 l b / h r  ft 5 corresponded t o  t h e  lowest  s o l u t i o n  concen t ra t i on .  The gas t o  l i q u i d  

For  a f l o w  r a t e  of 20 SCF/gal, t h e  
a re  h ighe r  than a t  t h e  h ighes t  f l o w  r a t i o s .  

The NH3 has an 

Note t h a t  a 40 pe rcen t  gas r a t e  increase does n o t  a f f e c t  t h e  concen t ra t i ons  

The f i n a l  b icarbonate concen- 

t h a t  remains i n  s o l u t i o n  a t  a f i x e d  gas t o  l i q u i d  r a t e  o f  11 SCF/gal. 

A t  t h e  h ighe r  temperature, 

A t  a s t r i p p i n g  temperature o f  2OO0F and a s t r i p p i n g  r a t i o  

The components i n t roduced  i n t o  t h e  s t r i p p i n g  gas c o u l d  be removed by a number 

Because of t h e  va lue  o f  ammonia 
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ANAEROBIC FERMENTATION OF SIMULATED IN-SITU OIL SHALE RETORT WATER* 

E. A. Ossio, J .  P. Fox and J. F. Thomas 

Lawrcnce Berkeley Laboratory 
University of California 

Berkeley, California 94720 

R. E. Poulson 

Laramie Energy Research Center 
Department of Energy 

Laramie, Wyoming 8207 I 

INTRODUCTION 

Water coproduced with shale oil and decanted from it is referred to as retort water. This water 
originates primarily from the combustion of organics and from the release of free and bound water present in 
the oil shale matrix. When retorting occurs in the presence of oxygen, the retort water t o  oil volume ratio is 
-1. This is equivalent to  2.1 MGD for a 50,000 barrel per day oil shale plant and is comparable to the volume 
of wastewater produced by a town with a population of 14,000. The composition of retort water is characterized 
by  a pH range from 8.5 - 9.6 and high levels of a number of inorganic and organic constituents. The principal 
inorganic constituents are ammonia, ammonium, and bicarbonate. The organic constituents are primarily 
polar, and carboxylic acids are often a major component. 

the uncertain regulatory climate and the complex nature of retort water. Retort water will be required to 
meet the water needs’of an oil shale complex and will be upgraded for on-site use. Potential uses, arranged 
in order of requisite quality, are spent shale compaction (poor quality water is suitable), dust control, mining, 
prerefining, agriculture and cooling tower makeup (good quality water is required). Any excess water will be 
stored for futurc use, evaporated or discharged to surface or  ground waters. Stringent water quality regula- 
tions combincd with the shortage of water in the region will limit direct discharge to  surface or ground waters, 
and promote reuse combined with evaporation of residuals. 

which may be achieved by biological, physical or chemical processes. The purpose of this work was to investi- 
gate thc removal of soluble organics from a retort water by anaerobic fermentation. Suspended solids, oils 
and grease, and ammonia removal were investigated as requisite pretreatment for anaerobic fermentation. 
Biological processes are typically more economical than physical or chemical processes for thc rcmoval of 
organics. The anaerobic fermentation process was chosen because the level of soluble organics in retort water 
is too high for direct treatment by  an aerobic prdcess and methane gas, a good fuel, is produced. Relative to 
aerobic processes, anaerobic fermentation stabilizes a larger portion of the organic material: has lower nutrient 
requirements; produces less sludge; handles toxic substances better; and is more suitable for seasonal loading. 

PROCESS FUNDAMENTALS 

Water management will be complex for the oil shale industry due t o  the scarcity of water in the region, 

Each potential use of retort water will likely require the removal of some or all of the organic material 

Anacrobic fermentation is a biological treatment process conventionally employed for the treatment of 
municipal sludges and other concentrated wastes.(l) A schematic of the conventional process is shown in 
Fig. 1. Thc process consists of a heated digestion tank containing waste and bacteria. Raw waste is in t ro  
duced either periodically or continuously and is preferably mixed with the digester contents. A two-stage 
biochemical process occurs within the digester. This process has been described in Refs. (1,2) and is sum- 
marized by the following equation: 

acid methane 

(CH20)n formers form e r s 
P,COOH * CHq + Cog 

The  waste, represented by (CH20),, is stabilizcd by conversion t o  CH4 and Cop, gases which are removed 
from the system and which may be collected and used. In the first stage, complex organics are converted 
largely to  fatty acids by  a group of facultative and anaerobic bacteria commonly called the “acid formers.” 
No waste stabilization occurs during this stage. The waste stabilization occurs during the second stage of 
treatment. In this stage, the fatty acids are converted into COP and CHq by a group of bacteria called 
the “methane formers.” These bacteria are strictly anaerobic. 

Successful use u f  the process depends on the proper maintenance of these two groups of organisms. 
Optimum conditions for anaerobic treatment include a pH range from 6.6 - 7.6, absence of certain toxic 

*Work supported by U S .  Department of Energy and Department of Interior. 
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materials, sufficient nutrients, anaerobic conditions and a temperature range from 29 - 38’C. (3) 
causes fur failure of the process arc nutrient deficiencies and toxicity. Optimum and toxic levcls for a 
number (Jf constituents for the process are sunimarieed i n  Table 1. These values should not be considered 
absolute because o f  the possibility of synergistic and :intagonistic effects. 

Frcqucnt 

Table 1, Optimum and toxic levcls for anaerobic fcrmcntation. (4) 

Paramctcr Optimum I.cvcl (a) Toxic Lcvcl (b) 
(ms/Q) (mglQ) 

Sodium 230 >4600 
Potassium 390 >3900 
Ammonium (as NHq) 180 >I350 
Calcium 200 >zoo0 

> 200 
Magnesium 120 >I200 
Soluble sulfide (as S) (c) 
Nitrogen (4 
Phosphorus (4 

- 
- 

(a) Maximum efficicncy from an an;icrobic treatment system can bc 
obtained by maintaining the m;ijor ions as close to  their optimum 
values as possible. 

(b) Toxic levels may vary considerably from the values shown duc to synergistic 
or antagonistic effects of other ions. 

(c) At levels lowcr than 200 mg-SIP, sulfides can have a beneficial cffcct 
by precipitating certain toxic heavy metals, c.g., Cu, Zn, Ni, Fe. 

(d) Optimum levels of nitrogen and phosphorus have been demonstrated 
to depend on the growth rate and concentration of organisms present 
i n  the system. They are -1 1% of cell volatile solids weight for N 
and 2% of cell volatile solids weight for P. (3) 

LITERATURE REVIEW 

In preliminary experiments, Sen (5)  seeded (10%) a 4.5-liter batch anaerobic digester with municipal 
sludge. Retort water from LERC’s IO-ton oil shale retort was buffered at pH 7 with 1.0 g/Q KH2PO4, and 
thc digestcr was loaded with 50  Ib BOD5/lOOO ft3. The COD in the influcnt was reduced from 3050 - 
2500 mg/Q in 30 days and CH4 was detected. Subscqucntly, Yen (6) loaded otic digcstcr with retort water 
and another with glucose. The nutrient solutions KH2POq and NH4CI were added L(J the glucose cligcster 
and KH2P04 to the retort water digcstcr. The COD in thc glucose digester decrcascd from 550 - 350 mg/P 
in 25 days while the COD of the retort water digester decreased from 550 - 400 mg/l in 55  days and CH4 
production steadily dropped. In another experiment (7), acclimation was accomplished by  adding 75 mg/ml 
COD and a phospliate buffer solution incrementally t o  a digester containing a glucosc substrate. The COD 
decreased from an initial valur of  around GOO - 300 mg/P by the 42nd day of opcration and thereafter, in- 
creased to a final value of 750 after 90 days. The CH4:C02 ratio steadily decreased; no  pH change was 
noted. Yen concluded that digester failure in the latter two expcrimcnts was due tu the accumulation of a 
toxicant within the digcster. 

EXPERIMENTAL METHODS 

Four Experiments ( I  - I\’) wcre conducted to  assess the treatability of a retort water by the anaerobic 
fermentation process and to identify toxic and dcficient constituents in the watcr. Thcse experiments are 
summarized in Table 2. In each experiment, a raw retort watcr w a s  prrtreated in remove oil and greasc, 
suspended solids and ammonia, to  adjust the pll  and to alter any toxic or deficient constituents. An at- 
tempt was then made to acclimatc a microbial population t o  the pretreated watcr. The raw, pretreated, 
and anaerohically treated waters and digester mixcd liquor were chemically characterized t o  determine thc 
cause for digester failure and/or the efficiency of organic removal. 

The four experiments summarizcd in Table 2 resulted in the development of a method to  successfully 
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pretreat retort water, acclimate a microbial population to it and stabilize the organics present in the pre- 
treated water. This methodology is presented in the “Results” section. The following sections discuss, 
in general terms, the experimental procedures used in Experiments I - IV. 

study is shown in Fig. 2. These digesters were seeded with 750 ml of digested sludge from the City of 
Richmond c\latcr Pollution Control Plant, Richmond, California. The characteristics of the digested sludge 
are summarized in the first column in Table 3. Retort water was added to the seeded digesters. On start 
up, the system was flushed with nitrogen gas to produce anacrobic conditions. 

lated in-situ oil shale retort. Retort operating conditions and shale characteristics for this run arc sum- 
marized in Table 4. 

Experimental Appazt i s .  A schematic of the batch laboratory-scale anacrobic digesters used in this , 

Retort Water. The retort water used in this study was from run 1 3  of LERC’s 150-ton simu- 

Table 3. Characterization of Richmond’s anaerobic digested sludge and artificial 
substrate used in acclimation procedure. 

Total solids 
Volatile matter 
Percent volatile matter 
Suspended solids 
PH 
Alkalinity as CaC03 
Volatile acids as CHSCOOH 
Organic nitrogen 
NH3-N 
Total phosphate as POT - 
Reactive (inorganic) phosphate as POT 
COD (dichromate) 
BOD5 (5 day, 20°C) 
DNA 

Anaerobic 
Digested Sludge(”) 

29,000 mg/P 
16,000 mg/P 

- 
- 
7.0 

3,600 mg/Q 
77 mg/P 

Artificial 
S u b t c t e ( b )  

29,500 mg/P 
26,300 mg/P 

89% 
nil 
7.05 

1,710 mg/P 
550 mg/P 

3,960 mg/P 
125 rng/P 

1.020 mg/P 
540 mg/P 

38,340 mg/P 
29,000 rng/P 

nil 

(a) 

(b) 

Source of Sludge - City of Richmond Water Pollution Control Plant, Richmond, 
California. 
Prepared from 20 bm/g tryptone, 10  gm/P dextrose and 6 gm/Q beef extract. (8) 

Table 4. Retort operating conditions and shale characteristics for Run 13,  
LERC 150-ton simulated in-situ oil shale retort. _ _ _ _ ~  

Shale Characteristics 

Shale Source Anvil Points, Colorado 
Shale Size 
Fischer Assay 24.6 gal/ton 
Void Volume 37.8% 

Mine run (fines - 72 in.) 

Operating Conditions 

Length of run 10.82 days 
Atmosphere 
Maximum Bed Temperature 1500°F 
Retort Advance Rate 1.94 in./hr 
Air Injection Rate 138.9 scflrnin 

21% 02; recycle not used 
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The composition of  a retort water depends o n  the ,process, retort operating conditions and the type 
of oil shale used. Wide variations in retort water composition occur due to  these factors. Therefore, it 
is important to  consider the results of this work in the framework of both of, the process, the oil shale 
used and the retort operating conditions that produced the water. 

used is briefly summarized in ‘Fable 2 in the pretreatment column. Pretreatment methods were designed 
to solve nutrient deficient or  toxic conditions encountcred during the acclimation procedure. 

water by incremental additions of retort water to an artificial substrate. The composition o f  the artificial 
substrate is shown in the second column on Table 3. The incremental additions used in each experiment 
are summarized in Table 2 in the column entitled “step” in terms of percent organic load applied. After 
initiation of each step of thc acclimation procedure, each digester was monitored until steady-state condi- 
tions wcrc attained. The parameters used as indicators of steady state were volatile suspended solids, vola- 
tile acids, and volume and composition of digester gas. Digester performance was evaluated by monitoring 
BOD5 and COD in the influent and effluent. 

to assess the operational behavior of the system (COD, BOD5, volatile acids, volatile suspended solids, 
volume and cornposition of  digester gas) and thosc used to identify toxic or  deficient constituents (NH3, 
S, Ca, hlg, P and others). The analytical methods used to measure these parameters are summarized in 
Table 5. 

Table 5 .  Analytical methods for chemical Characterization. 

Pretreatment. The raw retort water was pretreated using several different procedures. Each method 

Acclimation. The microbial population in the digested sludge was acclimated to pretreated retort 

Analytical Proccdurcs. Two types of parameters were measured in this work. They were those used 

Parameter Method 

AI, Br,CI,* Cu, Pb, Mn,Na,* V, Zn 

As, Ba, B ,  Ca,* Cr, Co, F, 1, 
Fe, Mg,* Ni,  P,* K,* Se, Si,* S* 

Ca,* hlg,* K,*Na,* Si,* P,* CI,* S* 

COD; BOD5, Total Alkalinity, 
Solids, Volatile Acids, Hardness, 
pH, Kjeldahl N, oil & grease 

Sulfides 

Neutron activation analysis 

Spark source mass spectrometry 

X-ray flourescense spectrometry on 
freeze-dried sample (9) 

Standard Methods, 13th Edition (10) 

Standard Methods, 12th Edition (11) 

Inorganic & Organic Carbon 

Gas Analysis 

Bcckman Model 915 Total Carbon Analyzer with 
a Model 215A Infrared Detector. Organic carbon 
determined according to Standard Methods, 14th Edition (12) 

Varian Aerograph Model 90-P gas chromotography 
unit with He carrier gas 

Ammonia Standard Methods, 13th Edition (10) modified to  
accommodate small sample size 

*The asterisked (*) parameters werc determined by neutron activation analysis or spark source mass spectro- 
metry in the raw retart water and by x-ray fluorescense in the pretreated retort water. 

RESUI,TS 
Effluent Characterization, The c1iar;icterization of the raw retort water used in this study is prescntcd 

in Table 5. The water is well buffered at a pH nf  8.5 hy the ammonia and carhonatc system. The-most 
significanc inorganic constituents (greater than 500 mg/Q) are ammonium, ;immonia, bicarbonate, sodium 
and s~~II‘ate. Minor inorganic constituents include most trace elements, calcium, magnesium and phosphorus. 
Soluble organics, as measured by BOD5 and COD, are considerably greater than found in con\,entional 
municipal wastes. Volatilc acids are a major organic component and constitute 40% of the measured 
TOC. [This is an operational parameter (Ref. 10) for certain fatty acids. The volatile acids dctcrmination 

. -, 

i: 
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Table 6. Characterization of raw, pretreated and anaerobically treated retort water. 

Alkalinity, Totdl (mg/e CaC03) 
Aluminum 
Arsenic 
Barium 
Biochemical Oxygen Demand, 5-day (BOD5) 
Boron 
Bromine 
Calcium 
Carbon, Inorganic 
Carbon, Total Organic (TOC) 
Chemical Oxygen Demand (COD) 
Chlorine 
Chromium 
Cobalt 
Copper 
Fluorine 
Hardness (as CaC03) 
Iodine 
lron 
Lead 
Magnesium 
Manganese 
Nickel 
Nitrogen, Total NH3 (as NH3) 
Nitrogen, Kjeldahl ( a$  N )  

Phosphorus (as P) 
Potassium 
Selenium 
Silicon , 
Sodium 
Solids, Total Dissolved 
Solids, Total 
Solids, Volatile 
Solids, Suspended 
Sulfate (as SO4) 
Sulfur, Total (as S) 
Vanadium 
Volatile Acids (as CH3COOH) 
Zinc 

PH 

Raw Retort 
Water 

38,000 
16.6 

1.4 
0.17 

3.4 
1.5 
3.3 

5,325 

5,850 
4,980 
8,800 

$7 
0.018 
0.31 

15.6 
26 
86 

0.11 
4.7 
0.3 

0.22 
0.014 

24 

10,150 
11,000 

8.6 
8.5 

0.24 
37 

25 
655 

4,210 
- 
- 
- 

1,100 
406 

3,300 
1.8 

6.4 

Pretreated 
Retort Water 

(Digester Influent) 

1,800 
- 

- 

2,695 
- 
- 

67 
310 

2,260 
9,440 

21 

- 

780 
2,100 

nil 

860 

900 

- 

- 

- 

Anaerobically 
Treated 

Retort Water 
(Digester Effluent) 

- 

2,250 
- 

350 
- 

measures water-soluble fatty acids that can be distilled at atmospheric pressure (np to six carbon atoms). 
When an analysis is referred to, the term volatile acids is used. Otherwise, the term faity acids is used.] 
Wen (13), Yen (14) and Cook (15) found ‘nigh levels of fatty acids in other retort w_aters. 

Experiments 1 - 1V. The four Experiments (I  - 1V) summarized in Table 2 led to the development 
of a method to pretreat and acclimate a microbial population tu retort water and to  stabilize 76 - 80% of 
the organics present in the pretreated retort water. 

procedure, indicating process failure. Typically, the onset of failure was indicated by a reduction in gas 

._ 

In Experiments I - 111, gas production dropped to very low levels before the end of the acclimation 
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production and an increase in volatile acids and COD concentrations. This is most likely due to improper 
functioning o f  the methane formers. 
influent and digester mixed liquor, was determined successively to be sulfide and ammonia toxicity and 
Ca, Mg and P deficiencies. Sulfide toxicity resulted from the use of H2SOq for pH adjustment and not 
from the water itself. 
Ultimately, in Experiment IV, all problems were resolved and the anaerobic fermentation process was used 
successfully to  stabilize organics in pretreated retort water. The reproducibility of the results was verified 
by setting up a second digester, E (see Table 2 for designation in D, E), for which similar results were ob- 
tained. Digester performance was equivalent t o  that observed with more conventional wastes such as 
municipal sludge. 

differentiated by comparing total gas production and gas composition. When toxicity was the the cause of 
failure, the gas composition changed significantly; CHq decreased and CO2 and trace gases increased. When 
the system was nutrient limited, total gas production decreased while gas composition remained constant 
and comparable to that observed in a properly operating digester. 

summarized in the sections on pretreatment and acclimation. The results presented correspond to  those 
obtained during Experiment IV which was summarized in Table 2. 

The purpose of pretreatment was to  make the raw retort water compatible with the 
anaerobic fermentation process. Each pretreatment step used would likely be required irrespective of 
whether biological treatment was part of the overall treatment system. 

The pretreatment procedure was designed to reduce ammonia below the reported toxicity threshold 
of 1350 mg/P NH;, to reduce suspended solids, oils and grease and to  adjust the pH to  7. This was achieved 
in the laboratory as follows: 

( 1 )  The pH was raised to  11 using Ca(OH)2. This converts NH; to NH3 gas which can then be stripped 

(2) 

The cause of the failures, based on chemical analyses of the pretreated 

Pretreatment schemes were devised to resolve each problem as it was identified. 

During these experiments, it was observed that a toxicity and a nutrient deficiency problem could be 

Pretreatment and acclimation procedures developed to stabilize organics in pretreated retort water are 

Pretreatment. 

from solution by  aerating. 

The pH 11 water was injected into an aeration basin with compressed air. Spraying the retort watei 
with compressed air enhanced liquid-air contact, thereby improving stripping of the NH3 from the 
water. The resulting mixture was aerated for 24 hr with a sparger. 

Floatables (suspended solids plus oils and grease) were removed by skimming, following aeration. 

The pH of the retort water was adjusted to a final pH of 7.0 using compressed C 0 2  

Nutrients were added directly to the digester. Nutrient addition is discussed subsequently. 

(3) 

(4) 

(5) 

This precise pretreatment sequence would not be used in a full-scale treatment system due t o  economic 
considerations. It was used for this bench-scale work because it is easy to carry out on  a small scale with 
inexpensive, readily available laboratory equipment, and it produces a water with the necessary pH and 
ammonia concentrations. 

air flotation. Ammonia might be reduced by steam stripping. Nutrient addition might be achieved, in 
part, by blending retort water with other waste steams at an oil shale plant that are enriched in the re- 
quired nutrients, e.g., municipal sludge. 

indicates that the hydraulic residence times used in these studies ranged from 15 to  50 days. These large 
residence times would require a large volume digester to accommodate 2.1 MGD per 50,000 bariels/day of 
oil production capacity and would not be used in a full-scale plant. I n  practice, cell recycle, which 
increases the cell residence time and allows a reduction in hydraulic residence time, would be used. 
Kinetic studies are presently under way to  determine if hydraulic residence times on the order of 2 to 3 
days or less can be used with no significant reduction in organic removal. 

comparing the first column, raw retort water, and the second column, pretreated retort water, the effect 
of pretreatment on the measured parameters can be quantified. This comparison shows that BOD5 is re- 
duced by 49% volatile acids by  73%, TOC by 55%, total NH3 by 96%, CI by 63% and alkalinity by 95%. 
The decrease in BODg, TOC and volatile acids is due to  the conversion and removal of fatty acids during 

In practice, dissolved solids and oil and grease would be removed by sedimentation and/or dissolved 

Additional pretreatment may be required to reduce the volume of water t o  be treated. Table 2 

The effect o f  pretreatment un the rhemical composition of the retort water is shown in Table 6. By 
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pH adjustment. The BOD5, TOC and volatile acids decreases are probably due to the reduction in solubility 
of high molecular weight fatty acids. At pH 7 many of these could drop out  of solution. This is sup- 
ported by visual observation of a white precipitate. The NH3 alkalinity (COP, NH3) and C1 are removed 
by stripping during aeration. In addition to these reductions, the Ca concentration was increased by a 
factor of 20 and the COD by a factor of 1.07. The increase in Ca was caused by the addition of Ca(OH)2 
for pH adjustment to  11. The cause of the increase in COD is not clear. Analytical error is not the source 
as results were checked by a second analyst. The reductions in TOC, BOD5 and volatile acids are consistent 
and suggest that the increase in COD is due to an inorganic constituent and not an organic one. No 
significant change is noted in K or Si. The significant increase in total sulfur and phosphorus is believed 
to be due to analytical problems since the S and P levels were determined by different analytical methods 
in the raw and pretreated water. Significant discrepancies in the analysis of retort water by different 
methods have been noted (16) and is due to the complex and unusual nature of retort water. 
is presently being studied by LERC and others. (16) 

Acclimation. In Experiment IV, the system was operated with cell recycle to increase the cell resi- 
dence time in the digester. This was achieved by removing's sample of  the mixed liquor, centrifuging it 
at 2500 rpm for 3 min and returning the centrate (biological mass) to the digester with a volume of pre- 
treated retort water such that the total volume removed was equal to the total volume added. This resulted 
in an infinitely large cell residence time and hydraulic residence time of 50 days. 

ter and operating it until stcady-state conditions were reached. After steady state, 100% retort water, 
pretreated as indicated, was added in 50 ml increments. Results of Experiments I - I11 indicated inter- 
mediate additions of different mixtures of retort water and artificial substrate were not necessary. Immed- 
iately preceding or following the addition of retort water, nutrients were added directly to the digester. 
In this work, the nutrients Ca, Mg and P were used. The optimum combination and quantity of nutrients 
were not determined and are presently being studied experimentally. The nutrients were added as a cal- 
ciumlmagnesium versenate solution and as phosphate buffer. These solutions were prepared as follows: 

This problem 

The system was acclimated by first adding 100% artificial substrate described in Table 3 to  the diges- 

phosphate buffer 

8.5 g KH2P04, 21.75 g K2HP04, 33.4 g Na2HP04 and 1.7 g NH4CI were dissolved in 500 ml dis- 
tilled water and diluted to 1 liter. 

calciumlmagnesium versenate solution 

10 ml versine (EDTA) were added to  a solution of 0.1 g each of CaCI2 and MgS04 and 2 ml distilled 
water. The amount of versine required to complex the Ca and Mg added was determined titrimetrically 
on three separate aliquots according to the hardness determination, Standard Methods, 13th Edition. (10) 

The effect of nutrient addition on system performance is summarized in Fig. 3. This figure shows the 
time variation of total gas production in ml gaslday, gas composition, COD and volatile acids. Figure 3a 
indicates that each time nutrients were added, the total gas production increased. Figures 3a and 3c indi- 
cate that before the addition of nutrients on the 34th day of the experiment, volatile acids and COD con- 
centrations were increasing and the total gas production was decreasing. This suggests that the methane 
formers, which are responsible for waste stabilization, and which convert fatty acids into CH4 and COP, 
were not functioning properly. The increase in volatile acids indicates the acid formers were functioning. 
After the addition of 18 mg Ca and 10 mg Mg on the 34th day, the volatile acid concentration dropped, 
indicating the nutrients had a favorable effect on the methane formers. After five days, waste stabilization 
commenced. Approximately ten days after the first addition of nutrients, the system reached steady state. 
Gas volumes at steady state were approximately 11 ft3 gasllb volatile matter added. This is 92% of the 
theoretical possible production. (17) Gas composition was 55% CH+, 25% COP and 20% trace gases (N2 
was the predominant trace specie). The gas production and composition at steady state are comparable to  
those obtained with conventional waste types. 

Treatability. The results presented in Fig. 3 were reproduced using a second digester, E. In addition, 
a control digester, F,  was fed 15 mllday artificial substrate during the duration of the study. The organic 
removal efficiencies of these three digesters as measured by BOD5 and COD are summarized in 
Table 7 together with similar data for the pretreatment process and the total system consisting of pretreat- 
ment plus anaerobic fermentation. This table shows that the anaerobic fermentation process reduces both 
the BOD5 and COD of pretreated retort water by 76 - 80%. 
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Table 7. Summary of retort water BODF; and COD removal efficiencies. 

Digester 
D 

( 1  00% retort water) 

Pretreatment 
Influent COD 8,800 
Effluent COD 9,440(”) 
Percent Removal 0% 

Effluent BOD5 2,695(a) 
Percent Removal 49% 

Anaerobic treatment 
Influent COD 9,440 
Effluent COD 2,250 
Percent Removal 7 6% 

Influent BOD5 2,695 
Effluent BOD5 580 
Percent Removal 78% 

Total systcm 

Influent COD 8,800 
Effluent COD 2,250 
Percent Removal 7 4% 

Influent BOD5 5,325 
Effluent BOD5 580 
Percent R,emoval 89% 

Influent BOD5 5,325 

Digester Digester 
E F 

(100% retort water) (1 00% artificial substrate) 

8,800 - 
9,400(a) - 

0% - 

5,325 - 
2,695(a) - 

49% - 

- 

9,440 38,340 
1,995 6,134 

79% 84% 

2,695 29,000 
530 5,220 

80% 82% 

8,800 - 
1,995 - 

71% - 

5,325 - 
530 - 

90% - 

(a) Before nutricnt addition 

These removal efficiencies indicate that 76 - 80% of the soluble organics in the pretreated retort 
water are stabilized by the anaerobic fermentation process. The volatile acids data presented in Table 6 
suggest that fatty acids are one of the components of retort water that are stabilized during anaerobic 
fermentation. Additional work is required to identify other organic components that are stabilized during 
the anaerobic fermentation process. 

CONCLUSIONS 

Based on the results of the four experiments summariLed in Table 2, the following are concluded: 

1) The retort water studied had to be pretreated t o  remove toxic and add deficient constituents before 
it could be successfully treated with the anaerobic fermentation process. Pretreatmmt included pH adjust- 
ment to  7 ,  ammonia reduction and nutrient addition. 

2) ’ A digested sludge from a conventional municipal sewage treatment plant was successfully 
acclimated to the retort water studied. 

3) A major fraction of the organics in the retort water studied was stabilized by conversion to CH4 
and C 0 2  using the anaerobic frrmentation process. BOD5 and COD removal efficiences were 76 - 80%. Within 
the limits of experimental error, the same removal rate was obtained for both BOD5 and COD. 

The effluent from anaerobic fermentation of the retort water studied (BOD5: 530 - 580 mg/Q) 
may be suitdbk for treatment by conventional aerobic processes. This process is presently being demon- 
strated experimentally. 

4) 

5)  The growth of the ‘methane formers, which stabilize the organics, is nutrient limited in the retort 
water studied. 
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6) The pretreatment of the retort water studied removed 49% of the BOD5. This was probably due to 
the reduction in solubility 01 high molecular weight fatty acids at neutral pHs; they drop out 01 solution 
and do not excrt ;I BOD. 

7) 
fatty acids. 

8) 

A major cornpoiicnt rcmovcd from the rctort water studied during anaerobic ferrncntation was 

The long hydraulic residcnce time used in this study would not he used in practice. Cell recycle, 
which increases thc ccll residence and decreases the hydraulic residence time, would be exploited to  achieve 
hydraulic rcsidencc times on the order 111 2 - 3 days. 
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Raw 
waste E f f l uen t  

7710-2157 

Fig. 1. Schematic of conventional 
anaerobic fermentation 
process. 

273 
760 TISKI 

P - P, - 0.0734 ph 
VG = VL - 

v - volume Iliterrl of fermentationgar 
at standard temperature & prerrurr 

= Volume IliterO of liquid displaced V L  
by fermentation gases 

P 

P, 

= Atmospheric prerrure, mm Hg 

= Vapor prerwre Imm HgI of water 
over the container liquid at 
temperature T 

p = Density of  container liquid 

h = Height Of the column Of liquid 
suspended above the liquid outlet XBL77102163 

Fig. 2. Schematic of anaerobic acclimation system. (a) Digester's contents are mixed and kept at  
constant temperature (35 ? 1°C) by means of a hotplate-magnetic stirrer. (b) 
gas is introduced into a gas holder unit by means of a slight negative pressure created by the 
water column differential (h). The gas holder unit contains an acidified solution to prevent 
the dissolution of COP.  The gas, on entering the gas holder, displaces some of the acidified 
solution which is collected in the graduated cylinder. This volumn of acidified solution is 
used to  calculate the volumn of gas produced using the formula for VG. (c) The fermentation 
gas is recovered and the acidified solution level reset by lifting the graduated cylinder and 
properly operating the valves. 

Fermented 
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Fig. 3 .  Time variation of total gas production, g a s  composition, volatile acids 
and chemical oxygen demand for Experiments 111 and IV. 
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C a p a c i t y  o f  Some C a l i f o r n i a  A l k a l i n e  B r i n e s  f o r  S u l f u r  D iox ide  

O c c i d e n t a l  R e s e a r c h  C o r p o r a t i o n ,  L a  V e r n e ,  C a l i f o r n i a  91750 
J .P.  McKaveney and David S t i v e r s  

INTRODUCTION 

Fo l lowing  t h e  1973 f u e l  c r i s i s ,  a n a t i o n a l  movement began t o  
d i s c o v e r  e c o n o m i c a l  methods f o r  e i t h e r  removing s u l f u r  d i r e c t l y  f rom 
c o a l ,  o r  t o  d i s c o v e r  ways of  b u r n i n g  t h e  c o a l  w i t h o u t  t h e  e v o l u t i o n  
o f  h a r m f u l ,  s u l f u r  o x i d e s .  A number o f  p r o p o s a l s  have been made f o r  
t h e  a b s o r p t i o n  o f  s u l f u r  o x i d e s  s u c h  as  t h e  use  of  s e a  w a t e r  o r  t h e  
u s e  of raw T r o n a  (Na2C03-NaHC03-2H20) t a k e n  d i r e c t l y  from Wyoming 
d e p o s i t s  and d i s s o l v e d  i n  w a t e r  f o r  t h e  a b s o r p t i o n .  

C a l i f o r n i a  c o n t a i n s  s c a t t e r e d  n a t u r a l  r e s e r v e s  o f  h i g h l y  a l k a l i n e  
b r i n e s  which c o u l d  a l s o  be used f o r  t h e  a b s o r p t i o n  o f  s u l f u r  o x i d e s .  
These a l k a l i n e  d r y  l a k e s  l o c a t e d  p r i m a r i l y  i n  d e s e r t  a r e a s  have 
s i g n i f i c a n t  a b s o r p t i o n  c a p a c i t i e s  f o r  t h e  s u l f u r  o x i d e s  and i n  
a d d i t i o n  c o n t a i n  v a l u a b l e  m i n e r a l s ,  e . g .  , boron  and t u n g s t e n .  T h i s  
r e p o r t  w i l l  show t h a t  a s  a resul t  of t h e  b r i n e  a c i d i f i c a t i o n  w i t h  
SO2, t u n g s t e n  can  be  r e c o v e r e d  much e a s i e r ,  t h u s  u s i n g  a 
p o t e n t i a l  a i r  p o l l u t a n t  to  a i d  i n  n a t u r a l  r e s o u r c e  recovery. 

g a s e s  are p r o d u c e d ,  v i z :  ca rbon  d i o x i d e ,  s u l f u r  d i o x i d e  and lesser 
amounts of  s u l f u r  t r i o x i d e  and n i t r o g e n  o x i d e s .  As t h e  a c i d i c  
o x i d e s  p a s s  i n t o  a n  a l k a l i n e  s a l t  s o l u t i o n ,  t h e y  are  n e u t r a l i z e d  
fo rming  s a l t s  s u c h  a s  s u l f i t e ,  s u l f a t e ,  b i c a r b o n a t e  and n i t r i t e s .  
A s  t h e  g a s e s  a r e  a b s o r b e d ,  t h e  pH w i l l  c o n t i n u e  to  d e c r e a s e  i n  
s o l u t i o n .  With d e c r e a s i n g  pH, some of  t h e  less s t a b l e  weaker a c i d  
s a l t s  w i l l  r e l e a s e  t h e i r  g a s e s  such  a s  C02 from s o l u t i o n .  

b a s i c  s a l t s  ( c a r b o n a t e ,  b i c a r b o n a t e ,  b o r a t e  and m e t a b o r a t e )  a r e  
p r e s e n t  a s  w e l l  a s  n e u t r a l  s a l t s  such  a s  NaC1, KCL, and N a 2 S 0 4 .  
Because t h e  b r i n e s  a r e  a l s o  q u i t e  c o n c e n t r a t e d  ( 4 0 0  g / l ) ,  t h e  u s u a l  
s t o i c h i o m e t r y  and e q u i l i b r i a  a p p l i c a b l e  i n  d i l u t e  s y s t e m s  d o  n o t  
a lways  a p p l y .  I n  a d d i t i o n ,  s a l t s  such  a s  b o r a t e  and m e t a b o r a t e  
c o n t r i b u t e  a b u f f e r i n g  c a p a c i t y .  With such  a s y s t e m ,  d i r e c t  e x p e r i -  
men ta l  measurement is t h e  b e s t  a p p r o a c h .  

The e x p e r i m e n t s  i n  t h i s  s t u d y  were pe r fo rmed  u s i n g  a b r i n e  from 
S e a r l e s  L a k e  C a l i f o r n i a .  The l a k e  is l o c a t e d  a b o u t  185 miles 
n o r t h e a s t  of L o s  A n g e l e s  and c o v e r s  a b o u t  13 s q u a r e  m i l e s  of exposed 
s u r f a c e .  The s a l t  body c o v e r s  t h e  whole 1 3  s q u a r e  miles of s u r f a c e  
and a much l a r g e r  s u b s u r f a c e  a r e a  t o  a d e p t h  of 50 t o  75 f e e t .  
During most of t h e  y e a r ,  t h e  s u r f a c e  o f  t h e  s a l t  body is  d r y  and 
h a r d  b u t  i n  w i n t e r  a f t e r  r a i n s  l i q u i d  may b e  t w o  or t h r e e  i n c h e s  
above t h e  t o p  o f  t h e  s a l t  body (1). 

when h i g h  s u l f u r  f u e l s  a r e  b u r n e d ,  two and p o s s i b l y  more a c i d i c  

The c h e m i s t y  o f  t h e  b r i n e s  is q u i t e  complex s i n c e  a number o f  
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A t y p i c a l  b r i n e  a n a l y s i s  f rom S e a r l e s  Lake i s  i n d i c a t e d  i n  
T a b l e  I ( 2 ) .  The b r i n e  c o n t a i n s  a b o u t  35% d i s s o l v e d  s o l i d s .  The 
c o m p o s i t i o n  v a r i e s  somewhat a t  d i f f e r e n t  l o c a t i o n s ;  t h e  lower 
s t r u c t u r e  b r i n e  c o n t a i n s  more c a r b o n a t e  and b o r a t e  t h a n  d o e s  t h e  
upper  s t r u c t u r e  b r i n e .  I t  is a p p a r e n t  t h a t  t h i s  v a s t  n a t u r a l  l a k e  
c o n t a i n s  a r e a d y  s i n k  f o r  t h e  s u l f u r  d i o x i d e .  

TABLE I 
TYPICAL BRINE ANALSYSESOM SEARLES LAKE 

Upper S t r u c t u r e  Lower S t r u c t u r e  
C o n s t i t u e n t  B r i n e ,  w t  % B r i n e ,  w t  % 

K C  1 
Na2C03 
NaHC03 
Na2B407 
Na2B204 
Na2SO4 
Na2S 
Na3AsO4 
Na3P04 
N a C l  
H20 ( b y  d i f f e r e n c e )  

B r  
wo3 

I 
F 
L i z 0  

4.90 
4.75 
0.15 
1 .58  

6.75 
0.12 
0.05 
0.14 

16.10 
65.46 

0 .008  
0.085 
0.003 
0.002 
0.018 

3.50 
6.50 

1.55 
0 .75  
6.00 
0 .30  
0 .05  
0 .10  

15.50 
65.72 

0 .005  
0 .071  
0.002 
0 .001  
0.009 

EXPERIMENTAL 

A p p a r a t u s  and  R e a g e n t s  

1. S u l f u r  d i o x i d e  compressed g a s  c o n t a i n i n g  i n  p e r c e n t :  0 .47  

2. Flow meter, F i s c h e r  and P o r t e r  No. 08F 1/16-12-5-36 set  for 

3. F i s c h e r - M i l l i g a n  g a s  a b s o r p t i o n  b o t t l e s .  

4. H y d r o c h l o r i c  a c i d  ( 1 : 9 9 ) ,  p o t a s s i u m  i o d a t e  (0 .2225 grams 

S02, 33.07 CO2, 3.43 CO and  t h e  b a l a n c e  ( a p p r o x .  6 3 % )  n i t r o g e n .  

62 m l  p e r  m i n u t e  g a s  flow by c a l i b r a t i o n .  

p e r  l i t e r )  e q u i v a l e n t  to 0.10 mg o f  s u l f u r  per m l  and s t a r c h  i n d i -  
c a t o r  mixed appropriately to  m o n i t o r  s u l f u r  d i o x i d e  a b s o r p t i o n  
e f f i c i e n c y .  

A b s o r p t i o n  T r a i n  f o r  SO2 B e a r i n g  Gas 
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A - Tank o f  compressed SO2 b e a r i n g  g a s  and r e g u l a t o r .  

B - Flow meter. 

C - S e a r l e s  Lake b r i n e  i n  F i s c h e r  M i l l i g a n  b o t t l e .  

D - Sodium c a r b o n a t e  i n d i c a t o r  s o l u t i o n  w i t h  p h e n o l p h t h a l e i n  used 
w i t h  100% SO2 gas when s e p a r a t i n g  50  ppm t u n g s t e n  f rom 100 m l  
of b r i n e .  

E - 100 m l  t a l l  form b e a k e r  and g a s  b u b b l e r  used w i t h  50  m l  b u r e t  t o  
d e l i v e r  KIO3 s o l u t i o n  f o r  t i t r a t i o n  of SO2.  

DISCUSSION OF RESULTS 

The d a t a  on t h e  a b s o r p t i o n  o f  t h e  SO2 b e a r i n g  (0 .47% S O 2 )  
combus t ion  g a s  i n d i c a t e s  t h a t  a b o u t  7 1  grams o f  SO2 can  be  a b s o r b e d  
per l i t e r  of raw S e a r l e s  Lake b r i n e .  The e f f i c i e n c y  o f  t h e  s i n g l e  
s c r u b b e r  was 98% w i t h  an  a l i q u o t  ( 2 . 5  m l  t o  100  m l )  o f  t h e  c o n c e n t r a t e d  
b r i n e  u s i n g  t h e  e x p e r i m e n t a l  a p p a r a t u s  a t  a g a s  f l o w  o f  6 2  m l  per 
minu te  (8 .6  x 10-49 of  SO2 p e r  m i n u t e ) .  
t h r o u g h  o c c u r r e d  a f t e r  a t o t a l  e l a p s e d  t i m e  o f  4 h o u r s  and one  minu te .  
The n e t  a l k a l i n e  a b s o r b a n c e  t i m e  ( c o r r e c t i n g  f o r  water a b s o r b a n c e )  was 
226 minu tes .  The b reak - th rough  was d e t e c t e d  by n o t i n g  t h e  c o n t i n u e d  
f a d i n g  of t h e  b l u e  i o d i n e  s t a r c h  color from t h e  e x i t  g a s  bubb led  i n t o  
b e a k e r  E. 

S u l f u r  d i o x i d e  b reak -  

Because  t h e  d a t a  o f  T a b l e  I are  a n a l y s e s  which can  v a r y  w i t h  
l o c a t i o n ,  t h e  a n a l y s e s  o f  t h e  a c t u a l  b r i n e  used i n  t h e  e x p e r i m e n t s  
is  shown i n  T a b l e  11. It lists t h e  p r i n c i p a l  sod ium s a l t s  of t h e  
S e a r l e s  b r i n e  and t h e i r  c a l c u l a t e d  c o n c e n t r a t i o n s  based  on  c a t i o n  
and an ion  a n a l y s e s  of  t h e  raw b r i n e  sample  used .  N o t  l i s t e d  i s  
a p p r o x i m a t e l y  6 5  grams per l i t e r  o f  KCL which is t h e  p r i n c i p a l  
p o t a s s i u m  s a l t  for  a b r i n e  of s p e c i f i c  g r a v i t y  1 .30 a t  21OC. 

TABLE I1 ~~~ ~- 
COMPOSITION BY ANALYSIS OF SELECTED COMPONENTS 

OF SEARLES LAKE BRINE 

C o n c e n t r a t i o n  C o n c e n t r a t i o n  
Component ( g / l )  C a l c u l a t e d  A s  As ( g / l )  

Sodium 149.4 
Po ta s s ium 34 .8 
Carbona te  35.2 Na2C03 62.3 
C h l o r i d e  151.0 N a C l  249.1 
B i c a r  bond t e  5.2 NaHC03 7.2 

Te t r a b o r a  t e  16.8 Na2B407-10H20 41.3 
S u l f a t e  61.0 Na2S04 90.3 

The SO2 a b s o r b i n g  c a p a c i t y  o f  t h e  s e l e c t e d  sodium s a l t s  a t  
t h e  g i v e n  c o n c e n t r a t i o n  can be  s e e n  i n  t h e  d a t a  o f  T a b l e  111 f o r  
2 . 0  m l  a l i q u o t  o f  e a c h  s a l t .  The compar i son  o f  t h e  t o t a l  a b s o r p  
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c a p a c i t y  f o r  t h e  sum o f  t h e  s y n t h e t i c s  was 1 6 5  m i n u t e s  v e r s u s  1 6 8  
m i n u t e s  f o r  a 2.0 m l  a l i q u o t  of t h e  a c t u a l  b r i n e  w i t h  t h e  0.47% 
SO2 combust ion  g a s .  T h i s  c o n f i r m s  t h a t  t h e  s y n t h e t i c  d a t a  is 
g i v i n g  a t r u e  a b s o r p t i o n  c a p a c i t y  f o r  a l l  t h e  s a l t s  t e s t e d .  
S u r p r i s i n g l y  e v e n  Na2S04 is c o n t r i b u t i n g  s l i g h t l y .  The p r i n c i p a l  
SO2 a b s o r b e r s  a p p e a r  to  be sodium c a r b o n a t e  ( 7 6 % )  f o l l o w e d  by 
sodium t e t r a b o r a t e  ( 1 5 % ) ,  sodium b i c a r b o n a t e  ( 6 % )  and sodium s u l f a t e  
( 3 % ) .  

Table I11 
SULFUR DIOXIDE ABSORPTION CAPACITY OF SELECTED 

SALTS PRESENT I N  SEARLES LAKE BRINE - 2.0 ML ALIQUar 

PH ~ 4 3  Absorban=, N e t  Absorb. 
S a l t  Concentration (g/ l )  ( i n i t i a l )  ( a f t e r )  T h e  ( m i n )  T h e  (min) 

41.3 Na2B407-10H20 9.20 3.12 39 24 

7.2 NaHCO3 7.97 3.35 25 10 

62.3 Na2C03 11.65 5.45 141 126 

90.3 Na2S04 8.01 3.10 20 5 

Water Blank (100 m l )  6.70 2.98 15 - 
Absorbance equals 8.6 x 10-4 grams of So;! per minute and net  
absorbance is corrected f o r  the water blank. 

The r e s e r v e s  o f  sodium c a r b o n a t e  i n  S e a r l e s  Lake have  been  
e s t i m a t e d  t o  b e  i n  e x c e s s  o f  150 m i l l i o n  t o n s  ( 3 ) .  Hence t h i s  huge 
c a r b o n a t e  r e s e r v e  p l u s  t h e  o t h e r  a l k a l i n e  s a l t s  c o u l d  p r o v i d e  a 
s o u r c e  of  a l k a l i n e  n e u t r a l i z i n g  c a p a c i t y  f o r  h i g h  s u l f u r  coal or o i l  
b u r n i n g  power p l a n t s  l o c a t e d  n e a r  S e a r l e s  Lake or s u f f i c i e n t l y  c l o s e  
so t h a t  t h e  b r i n e  c o u l d  be pumped to  t h e  l o c a t i o n .  I n  t h e  case of 
Na2C03 t h e  r e a c t i o n  w i t h  SO2 f o l l o w s :  

Na2C03 + 2S02 + H20-2NaHS03 + C02 

Based on t h e  above e q u a t i o n  and assuming c o m p l e t e  r e a c t i o n ,  a 
b r i n e  o f  62.3 g / 1  Na2C03 ( T a b l e  11) s h o u l d  a b s o r b  75.2 grams o f  
SO2 p e r  l i t e r .  However as  shown i n  T a b l e  111, o n l y  76% o f  t h e  
a b s o r b i n g  c a p a c i t y  was d u e  t o  sodium c a r b o n a t e ,  i . e . ,  7 1  ( t o t a l  
S O 2  a b s o r b a n c e )  x 0.76 or 54 grams o f  SO2 p e r  l i t e r .  T h i s  
i m p l i e s  a n  e f f i c i e n c y  of 54/75 x 1 0 0  or 72% i f  t h e  n e u t r a l i z a t i o n  
were to g o  c o m p l e t e l y  t o  NaHS03 f o r m a t i o n  from Na2C03. A s  t h e  
d a t a  of T a b l e  I11 i n d i c a t e  f o r  p u r e  NazC03, t h e  f i n a l  p H  a f t e r  
S O 2  a b s o r p t i o n  w a s  5 .45  which l ies  close t o  t h e  v a l u e  o b s e r v e d  on 
so2 g a s s i n g  o f  t h e  raw Searles  b r i n e .  
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TUNGSTEN RECOVERY 

A s  i n d i c a t e d  ea r l i e r ,  t u n g s t e n  is one o f  t h e  more v a l u a b l e  
m i n e r a l  components i n  S e a r l e s  Lake b r i n e .  Although p r e s e n t  a t  o n l y  
50 ppm, t h e  amount of b r i n e  i n  t h e  l a k e  is so  g r e a t  t h a t  t h e  t o t a l  
amount of t u n g s t e n  is e s t i m a t e d  a t  1 7 0  m i l l i o n  pounds o f  WO3, 
e q u a l i n g  t h e  t o t a l  of a l l  o t h e r  known U.S. r e s e r v e s .  Ea r l i e r  
w o r k e r s  ( 4 )  had i n d i c a t e d  t h a t  t h e  t u n g s t e n  migh t  b e  r e c o v e r e d  w i t h  
o r g a n i c  r e a g e n t s  i f  t h e  b r i n e  c o u l d  be a c i d i f i e d  by c a r b o n a t i n g  t h e  
l i q u o r  w i t h  f l u e  g a s .  The d a t a  of  T a b l e  I V  i n d i c a t e s  t h a t  t u n g s t e n  
r e q u i r e s  a low pH f o r  r e c o v e r y  from b r i n e .  E v i d e n t l y ,  t h e  r a t h e r  
weak a c i d  n a t u r e  of c a r b o n i c  a c i d  makes C02 a poor c h o i c e  t o  
r e d u c e  t h e  pH of  a l k a l i n e  b r i n e s .  Obv ious ly  t h e  b o r a t e  s a l t s  s e r v e d  
as a b u f f e r  t o  p r e v e n t  s u f f i c i e n t  C02 a c i d i f i c a t i o n .  

TAR1.E IV -. .- - - - . 
RECOVERY OF TUNGSTEN FROM SEARLES LAKE B R I N E  
WITH O R G A N I C  REAGENTS SELECTIVE FOR TUNGSTEN 

T e s t  P r e t r e a t m e n t  O r g a n i c  Reagen t  % M Recovered - 
1 SO2 t o  pH 5 . 5  8 -Hydroxyqu ino l ine  

H2SO4 t o  pH 2.0 
0 

2 Same a s  above 
3 c02 t o  pn 9.0 

4 SO2 t o  pH 5.5 

5 None 

6 SO2 t o  pH 5 . 5  

100 m l  o f  b r i n e  

C i n c h o n i n e  20 
T a n n i c  a c i d  0 
8 -Hydroxyqu ino l ine  
T a n n i c  a c i d  15  
8 -Hydroxyqu ino l ine  
T a n n i c  a c i d  0 
C i n c h o n i n e  
T a n n i c  Acid 1 0 0  
C i n c h o n i n e  

were used  which would y i e l d  a b o u t  7 . 0  mg of 
t u n g s t i c  o x i d e  (WO3). A l s o  p u r e  SO2 g a s  was used r a t h e r  
t han  t h e  d i l u t e  c o m b u s t i o n  g a s  ( 0 . 4 7 %  S02)  so t h a t  t h e  a c i d i f i -  
c a t i o n  cou ld  be  c o m p l e t e d  i n  a r e a s o n a b l e  time. Upon SO2 g a s s i n g  
a y e l l o w  p r e c i p i t a t e  o f  s u l f u r  f i r s t  formed i n  t h e  b r i n e .  These 
s t u d i e s  w i t h  pure SO2 g a s  c o n t a c t i n g  t h e  raw b r i n e  i m p l i e s  f i r s t  a 
p o s s i b l e  C l a u s  r e a c t i o n  between t h e  SO2 and t h e  Na2S p r e s e n t  
(500  ppm) i n  t h e  raw b r i n e ,  i .e . ,  

2H2S + S02+3S0 + 2H20 

A f t e r  comple t ion  o f  t h e  SO2 g a s s i n g ,  t h e  s u l f u r  p r e c i p i t a t e  was 
f i l t e r e d  from t h e  s o l u t i o n ,  washed,  i g n i t e d  and s u b j e c t  t o  s p e c t r o -  
g r a p h i c  a n a l y s i s .  

w i t h  t h e  e l e m e n t a l  s u l f u r  b u t  t h a t  n e a r l y  6% o f  t h e  r e s i d u e  is 
a r  s e n 1  c . 

The d a t a  of  T a b l e  V show t h a t  v e r y  l i t t l e  t u n g s t e n  is removed 
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TABLE-V 
EMISSION  SPECTROGRAPHIC^ ANALYSIS OF SULFUR 

Element  P e r c e n t a g e  

RESIDUE FROM SEARLES LAKE B R I N E  IGNITED TO OXIDE 

N a  32. 
K 5.7 
A s  5.8 
B 0.24 
W 0.12  
c u  0.057 
S i  0 .23  
C a  0.095 
L i  0.0059 
A 9  0.00082 
N i  0 . 0 0 3 0  
C r  0.054 
Fe  0 .026  
Mo 0.0079 
T i  0.0095 

S u l f u r  r e s i d u e  i g n  
r e s i d u e  we igh ing  0 
SO2 g a s .  

t e d  a t  57OOC f o r  1 1/2 h o u r s  t o  p r o d u c e  a g r a y  
1004 grams s e p a r a t e d  f rom 100 m l  o f  b r i n e  w i t h  

T h i s  p r o c e d u r e  was by  a r c  s e m i q u a n t i t a t i v e  o p t i c a l  e m i s s i o n .  

Fo l lowing  t h e  s u l f u r  f i l t r a t i o n ,  t h e  f i l t r a t e  was t r e a t e d  by 
s t a n d a r d  methods  u s i n g  t h e  r e a g e n t s  o f  T a b l e  I V .  I t  is e v i d e n t  t h a t  
h i g h  m o l e c u l a r  w e i g h t  r e a g e n t s  ( c i n c h o n i n e  294 a n d  t a n n i c  a c i d  1701) 
a r e  n e c e s s a r y  t o  p r e c i p i t a t e  t u n g s t e n  from a h i g h l y  s a l i n e  s o l u t i o n .  

The d a t a  o f  T a b l e  VI f o r  t h e  i g n i t e d  t u n g s t e n  r e s i d u e  were 
o b t a i n e d  by a s e m i - q u a n t i t a t i v e  a n a l y s i s  f o r  . a l l  e l e m e n t s  e x c e p t  
t u n g s t e n  which  was a n a l y z e d  by a m o d i f i c a t i o n  of t h e  McKaveney ( 5 )  
hydroqu inone  p h o t o m e t r i c  p r o c e d u r e .  The m o d i f i c a t i o n  i n v o l v e d  
f u s i o n  of t h e  i g n i t e d  r e s i d u e  w i t h  p o t a s s i u m  p y r o s u l f a t e  f o l l o w e d  by 
a l e a c h  w i t h  s u l f u r i c  a c i d  and d i l u t i o n  t o  50  m l .  An a l i q u o t  was  
t h e n  added  to  t h e  hydroqu inone  f o r  color development .  The p r i n c i p a l  
i m p u r i t i e s  i n  t h e  t u n g s t i c  a c i d  a r e  sodium and p o t a s s i u m  w i t h  lesser 
amounts o f  s i l i c o n ,  bo ron  and p r o b a b l y  o c c l u d e d  c h l o r i d e  and s u l f a t e .  
A w a t e r  or d i l u t e  n i t r i c  a c i d  l e a c h  s h o u l d  s o l u b i l i z e  most of t h e s e  
i m p u r i t i e s  o u t  o f  t h e  t u n g s t i c  a c i d .  
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TABLE V I  
EMISSION SPECTROGRAPHIC ANALYSIS OF IGNITED O X I D E  
RESIDUE FROM TANNIC A C I D  - C I N C H O N I N E  SEPARATION 

OF SO2 TREATED SEARLES LAKE B R I N E  

Element  _. % Element  - % 

Na 23.  
K 5.8 
W 25.0 
Ca 0 .069  
A 1  0.19 
S i  1.3 
B 2 . 1  

B a  0.22 
Fe  0.048 
T i  0.084 
Z r  0.16 
MO 0.035 
Sn 0.014 
Cr 0.064 

TECHNICAL AND ECONOMIC CONSIDERATIONS 

Kerr-McGee, is now e x p a n d i n g  its o p e r a t i o n s  a t  S e a r l e s  Lake. 
I t  is c o n s t r u c t i n g  a 6 4  megawatt  coal f i r e d  power p l a n t  ( 6 ) .  The 
p u r p o s e  is t o  r e p l a c e  scarce n a t u r a l  g a s  and t o  s u p p l y  p r o c e s s i n g  
steam and e l e c t r i c i t y  for t h e i r  c h e m i c a l  o p e r a t i o n s .  The c a r b o n  
d i o x i d e  from coal c o m b u s t i o n  w i l l  b e  used  f o r  b r i n e  c a r b o n a t i o n  t o  
m a n u f a c t u r e  sodium b i c a r b o n a t e .  By u s i n g  h i g h e r  s u l f u r  f u e l s ,  SO2 
a b s o r p t i o n  c o u l d  be u s e d  f o r  e a s i e r  t u n g s t e n  r e c o v e r y  w h i l e  c a r b o n  
d i o x i d e  c o u l d  be d i v e r t e d  t o  p r e s e n t  c h e m i c a l  o p e r a t i o n s .  

The a u t h o r s  have  c i t e d  t h e  u t i l i t y  o f  a l k a l i n e  b r i n e s  f o r  t h e  
u s e f u l  a p p l i c a t i o n  o f  a h a r m f u l  p o l l u t a n t  ( S 0 2 )  f rom c o a l  or o i l  
combust ion .  A l s o ,  t h e i r  s p e c i f i c  a p p l i c a t i o n  d e a l t  w i t h  S e a r l e s  Lake 
and  some m o d i f i c a t i o n s  would be n e c e s s a r y  f o r  d e p o s i t s  c o n t a i n i n g  
o t h e r  ra t ios  o f  c a r b o n a t e ,  b o r a x  and b i c a r b o n a t e  which a r e  p r e s e n t  i n  
o t h e r  C a l i f o r n i a  b r i n e s .  I n  t h e  f u t u r e ,  t h e  u s e  o f  p i p e l i n e  t r a n s -  
p o r t a t i o n  of  coal i n  water s l u r r i e s  may make many o f  t h e s e  r e m o t e l y  
l o c a t e d  a l k a l i n e  d e p o s i t s  r ea l i s t i c  f o r  power p l a n t  s i t i n g .  The 
water from t h e  s l u r r y  may b e  u s e f u l  f o r  c o o l i n g  p u r p o s e s .  A l s o ,  t h e  
u s e  of  p i p e l i n e s  f o r  t r a n s p o r t a t i o n  o f  seawater t o  i n l a n d  l o c a t i o n s  
may make it p o s s i b l e  t o  u t i l i z e  e x c e s s  power p l a n t  h e a t  f o r  f l a s h  
d i s t i l l a t i o n  o f  needed water. S e a w a t e r  is r e l a t i v e l y  d i l u t e  i n  s a l t  
compared t o  t h e  s a l t  c o n t e n t  of  t h e  d r y  l a k e  or s u b s u r f a c e  b r i n e  waters.  
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Trace Element Chemistry o f  Leonardi t e  and 
I t s  P o t e n t i a l  E f f e c t  on Soil Geochemistry and P l a n t  Growth 

Alden Kollman 

P r o j e c t  Reclamation, Box 8122, U n i v e r s i t y  S ta t i on ,  Grand Forks, NO 58202 

Leonard i te ,  a low BTU, n a t u r a l l y  o x i d i z e d  l i g n i t i c  m a t e r i a l  has been suggested 
as a p o s s i b l e  amendment f o r  rec lamat ion o f  s t r i p  mine s p o i l s ,  e s p e c i a l l y  orphan 
s p o i l s ,  which a r e  low i n  o rgan ic  mat ter .  These m a t e r i a l s  have a r e l a t i v e l y  h i g h  
humic a c i d  con ten t  and would be expected t o  improve the growth p o t e n t i a l  o f  these 
ma te r ia l s .  I t  was found t h a t  i n  germinat ion and growth chamber s t u d i e s  ( 5  , 6 ) 
legumes responded favo rab ly  t o  the  a d d i t i o n  o f  10% l e o n a r d i t e  w h i l e  grass p roduc t i on  
was decreased. Trace element s o r p t i o n  by these m a t e r i a l s  was p o s s i b l e  cause f o r  
t h i s  d i f f e r e n t i a l  res onse. I n  an i n i t i a l  s tudy ( 2 )  t he  s o r p t i o n  and subsequent 
e x t r a c t a b i l i t y  o f  Fe'y, A1+3, Cu+*, Zn+2 and Mn+2 by water, h y d r o c h l o r i c  ac id ,  
ammonium acetate,  OTPA-TEA and EDTA were determined, as was phosphorus s o r p t i o n  
by t h e  t race  element sa tu ra ted  l eonard i tes .  I n  a second study, p r e l i m i n a r y  
r e s u l t s  o f  which s h a l l  be repo r ted  here t h e  s o r p t i o n  capac i t i es  o f  6 l i g n i t e  
m a t e r i a l s  ( 3  l eonard i tes  and 3 s lack  coals)  were i nves t i ga ted .  The m a t e r i a l s  were 
q u i t e  d i f f e r e n t  i n  terms o f  humic a c i d  content ,  t o t a l  ca t i ons  and s o r p t i o n  
capac i t y .  Leonard i te  i s  g e n e r a l l y  considered t o  be a l i g n i t e  which i s  o x i d i z e d  
i n  s i t u ,  whereas s lack  coal  i s  t he  upper l a y e r  o f  exposed coal seams and i s  no t  
as h i g h l y  ox id i zed .  

The methods and r e s u l t s  o f  t he  two experiments w i l l  be t r e a t e d  separa te l y ,  
b u t  s ince  the experiments a r e  c l o s e l y  r e l a t e d  they w i l l  be discussed toge the r .  

EXPERIMENT 1 

Methods and M a t e r i a l s  

A 60-gm sample o f  "Ender l i n  l eonard i te "  (obta ined from P r a i r i e  S ta tes  
F e r t i l i z e r  Co.) was p laced i n  a buchner funnel  and successive a l i q u o t s  (100 m l ,  
100 m l ,  150 ml) o f  0.1N s o l u t i o n s  of Fe'3, AI'3, CU'~,  Zn+2 o r  Mn'2 ( a l l  ad jus ted  
t o  pH 2 )  were passed through the  sample and c o l l e c t e d  by s u c t i o n  f i l t r a t i o n .  The 
samples were then washed w i t h  3-100 m l  a l i q u o t s  o f  d i s t i l l e d - d e i o n i z e d  water ,  and 
d r i e d .  
an unt reated c o n t r o l  were e x t r a c t e d  by shaking f o r  2 hours w i t h  20 m l  o f  each o f  
f i v e  e x t r a c t a n t s  (water, I N  ammonium acetate,  0.005 M DTPA-TEA and 0.02 M EDTA). 
Samples o f  each sa tu ra ted  l e o n a r d i t e  and c o n t r o l  were then d iges ted  w i t h  5:1,  n i t r i c :  
p e r c h l o r i c  ac ids t o  determine whether the re  were changes i n  elemental composi t ion 
due t o  c a t i o n  exchange by t h e  s a t u r a t i n g  i o n  and s o l u t i o n  o f  s o l u b l e  components. 
Cat ion concentrat ions were determined by atomic abso rp t i on  spectrophotometry. 

Repl icated 4-gm samples o f  each o f  t he  f i v e  "saturated l eonard i tes "  and 

Since severa l  s tud ies  have shown p o s s i b l e  i n t e r a c t i o n s  between phosphorus 
and l e o n a r d i t e  ( I ,  4 )  samples (4-gm) o f  each sa tu ra ted  l e o n a r d i t e  were a l s o  t r e a t e d  
w i t h  40 m l  o f  500 and 1000 ppm phosphorus (as Ca(H2P04)~) .  A f t e r  3 days t h e  P 
remaining i n  s o l u t i o n  was determined by the molybdophosphoric b l u e  c o l o r  method (3) .  

Resul ts  

I t  was found t h a t  Fe'3 had t h e  h ighes t  s o r p t i o n  (56 me/100 g) f o l l owed  i n  
decreasing o rde r  by C U + ~ ,  A1+3, Zn* and Mn* (53, 51, 45 and 35 me/100 g, respec- 
t i v e l y ) .  
Bh hor izons by Schn i t ze r  (7) i n  which the  s t a b i l i t y  constants  o f  seve ra l  c a t i o n s  
w i t h  the  f u l v i c  a c i d  decreased i n  t h e  f o l l o w i n g  o rde r  a t  pH 3.5:Fe+3, AI'3, Cu'2, 
Fe'2, Ni", Pb+2, C O + ~ ,  Ca+2, Zn+2, Mn+2, Mg+2. 

These r e s u l t s  agree w i t h  t h e  s tud ies  o f  f u l v i c  a c i d  e x t r a c t e d  f rom Podzol 
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The major c a t i o n s  i n  t h e  un t rea ted  c o n t r o l  samples were Ca+2, AI'3, Fe'3, 
Mg+2, and Na+l; the remain ing c a t i o n s  c o n t r i b u t e d  l ess  than I me/100 g (Table 2 ) .  
The t o t a l  c a t i o n  content  was h ighe r  i n  a l l  samples t h a t  had been sa tu ra ted  by any 
t r a c e  element than i n  c o n t r o l  samples. The major and minor a t i o n s  behaved 

c o n t r o l  than i n  the s a t u r a t e d  samples. The decrease was presumed t o  be p r i m a r i l y  a 
r e s u l t  of s o l u t i o n  of s o l u b l e  s a l t s .  
remaining (non-replaceable) a f t e r  s a t u r a t i o n s  ranged from about 5% t o  40% o f  t h e  
c o n t r o l  concentrat ions (F ig .  I ) .  I r o n  and AI had the  h i g h e s t  s o r p t i o n  and appeared 
t o  be most t i g h t l y  bound, however, t he  c o n t r o l  samples and those sa tu ra ted  by any 
o t h e r  c a t i o n  were n e a r l y  equal .  Consequently the  rep laceab le  f r a c t i o n  i s  very low 
(F ig.  I ) .  The minor  components appeared t o  behave s i m i l a r l y ,  a l l  were low i n  t h e  
c o n t r o l  and decreased by about 50% i n  t h e  sa tu ra ted  samples. 

d i f f e r e n t l y  i n  t h e  s a t u r a t i o n  process. Calcium+2, Mg+2, Na+ 5 were h ighe r  i n  t h e  

The average q u a n t i t y  of Ca+2, Mg+2, and Na+l 

The water, H C l  and ammonium ace ta te  e x t r a c t i o n s  o f  sa tu ra ted  sam les  i n d i c a t e  
t h a t  Fe+3 i s  most t i g h t l y  bound, fo l l owed  by AI'3, Cuf2, Zn+2 and Mn+ s . Since EDTA, 

a r e l a t i v e l y  s t rong  c h e l a t i n g  agent, removed about 50% of each ca t i on ,  i t  i s  proba- 
b l e  t h a t  the complexes formed have a s t a b i l i t y  s i m i l a r  t o  EDTA-cation complexes 
(F ig.  2 ) .  

Phosphorus s o r p t i o n  was h ighes t  (more than 90% o f  added P) i n  those samples 
which were sa tu ra ted  by Fe+3 and A l+3 .  
sorbed amounts s i m i l a r  to t h a t  o f  t h e  c o n t r o l .  

EXPERIMENT 2 

Methods and M a t e r i a l s  

Samples sa tu ra ted  w i t h  C U + ~ ,  Zn+2 and Mn+2 

O r i g i n  and humic a c i d  con ten t  o f  the l i g n i t i c  m a t e r i a l s  used i n  t h i s  study 
were as fo l l ows :  

H U M I C  A C I D  
SYMBOL CLASSIFICATION CONTENT % O R I G I N  

GPY Leonard i t e  89.27 Gascoyne mine, Adam Co., ND 
RR Leonard i t e  85.76 Gascoyne mine, Adams Co., ND 
E Leonard i te  65.29 P r a i r i e  States F e r t .  Co., Ransom 

SB Slack Coal 2.35 South Beulah Mine, Mercer Co., ND 
GH Slack Coal 2.84 Glenharo ld Mine, Mercer Co., ND 
PY R 2  Slack Coal 1 1  . g l  South Beulah Mine, Mercer Co., ND 

co., NDI 

'Mined a t  undisc losed l o c a t i o n  i n  Adams Co., ND 
2Contains p y r i t i c  i n c l u s i o n s .  

Zn+2, Mn+2 (ad jus ted  t o  pH 2) by shaking a 2-9 sample w i t h  two successive 20 m l  
a l i q u o t s  o f  t h e  s o l u t i o n .  A f t e r  shak ing f o r  2 hours they were a l lowed t o  stand 
ove rn igh t ,  c e n t r i f u g e d  and the  supernatant decanted. The samples were then washed 
w i t h  two 30 ml-water r i n s e s  and d r i e d  a t  80°C go r  s torage.  

Each o f  t he  above m a t e r i a l s  was sa tu ra ted  w i t h  0.1 N s a l t s  o f  Fe+3, AI t3 ,  C U + ~ ,  

Samples (100 mg) f o r  t o t a l  a n a l y s i s  were d iges ted  i n  3 m l  o f  1:s n i t r i c :  
p e r c h l o r i c  ac id ,  made up t o  50 m l  volume, and f i l t e r e d .  Ca t ion  concentrat ions 
were determined w i t h  Perkin-Elmer Models 403 and 503 atomic abso rp t i on  spectropho- 
tometers us ing s tandard inst rument  methods. 
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Results 

The s o r p t i o n  was determined by a n a l y s i s  o f  b o t h  the  q u a n t i t y  l o s t  from the 
s a t u r a t i n g  s o l u t i o n  and by the  d i f f e r e n c e  between the  content  o f  t he  c o n t r o l  and 
saturated samples. I n  genera l  t he  est imates based on t h e  t o t a l  a n a l y s i s  gave 
h igher  so rp t i on ,  and t h e  c o r r e l a t i o n  was h i g h l y  s i g n i f i c a n t  (r=0.93) (F ig .  3 ) .  
The GPY sample had the g r e a t e s t  s o r p t i o n  capac i t y  fo l l owed  i n  decreas ing o r d e r  by 
SB, GH, RR,  E and PYR (F ig .  4 ) .  
had the h ighes t  so rp t i ons  f o r  all samples fo l l owed  by Zn+2 and Mn+2 (F ig.  4 and 
Table I ) .  

As i n  t h e  f i r s t  experiment, Fe+3, A l + 3  and C U + ~  

Table 1 .  S o r p t i o n  o f  t r a c e  elements by l i g n i t i c  m a t e r i a l s ,  based on t h e  d i f f e r e n c e  
between t o t a l  content  o f  sa tu ra ted  and c o n t r o l  samples. 

Source Fe AI  cu Zn Mn 
Sorpt ion,  me/100 g 

GPY 
SB 
GH 
RR 
E 
PYR 

189.1 251.3 175.6 130.9 
137.8 117.9 117.4 91.8 
87.0 84.5 96.0 68.2 

111.2 97.8 96.0 47.4 
107.4 77.8 81.8 35.2 
97.8 66.7 63.0 35.2 

123.4 
110.6 
39.3 
35.3 
24.7 
18.3 

The Fe'3, Al+3 o r  C U + ~  concen t ra t i ons  o f  samples sa tu ra ted  by any o t h e r  c a t i o n  
(e.g. Fe'3 i n  Al+3, Cu+3, Mn+2 o r  Zn+2 sa tu ra ted  samples) were s i m i l a r  t o  those o f  
t he  c o n t r o l  (Table 2) f o r  all t h e  m a t e r i a l s  tested.  Z inc was s i g n i f i c a n t l y  decreased 
i n  the sa tu ra ted  SB and PYR samples, and Mn was decreased by 50 t o  90 percent  i n  
the  sa tu ra ted  RR, E and PYR samples a s  compared t o  c o n t r o l .  Sodium loss was almost 
un i fo rm regard less o f  t h e  s a t u r a t i n g  i o n  (Table 3) and appears t o  be l o s t  roughly  i n  
p ropor t i on  t o  t h e  q u a n t i t y  o r i g i n a l l y  present .  Calcium and magnesium loss d u r i n g  
s a t u r a t i o n  was g rea tes t  f o r  Fe+3 and A l + 3  sa tu ra t i ons ,  commonly r e s u l t i n g  i n  de- 
crease o f  more than 90% regard less o f  t he  m a t e r i a l .  
t i o n  a l lowed about 30-40 me/100 g more Ca and about 1-5 me/100 g more Mg t o  be 
re ta ined  by the  m a t e r i a l s .  

Discussion and Conclusions 

occu r r i ng  humic m a t e r i a l s  s ince  t h e i r  s o r p t i o n  o f  Fe'3, A l+3 ,  C U + ~ ,  Znf2, MnY2 
shows no se r ious  c o n f l i c t  w i t h  the  s t a b i l i t y  constants  f o r  f u l v i c  a c i d  c a t i o n  
complexes. However, t h e r e  i s  no t  a good c o r r e l a t i o n  between t h e  humic a c i d  content  
as  determined by a l k a l i  e x t r a c t i o n  and t r a c e  element so rp t i on .  Th is  may be an  
i n d i c a t i o n  o f  t he  fo rma t ion  o f  complexes w i t h  compounds very d i f f e r e n t  than humic 
ac ids.  Fu r the r  research i s  needed t o  determine t h e  a c t i v e  f u n c t i o n a l  groups and 
t h e i r  bonding mechanisms. Resu l t s  of  the  EDTA e x t r a c t i o n  i n  the  f i r s t  experiment 
i nd i ca te  t h a t  a t  l e a s t  f o r  t h e  "Ender l in"  l e o n a r d i t e  t h e  major mechanism i s  probably  
che la t i on .  

Manganese, Zn+2 and C U + ~  satura- 

These m a t e r i a l s  a r e  probably  very s i m i l a r  i n  t h e i r  behavior  t o  n a t u r a l 1  

Before these m a t e r i a l s  a re  used as amendments f o r  s o i l s  d e f i c i e n t  i n  o rgan ic  
mat e r  they should be tes ted  f o r  humic a c i d  content ,  Fe+3 and A l + 3  s o r p t i o n  and 
Na'\, $a+2 and M concen t ra t i ons .  The i d e a l  m a t e r i a l  should have h i g h  humate and 
low Fe 3 and A l + T  sorpt ion, ,which as a consequence w i l l  r e s u l t  i n  l ess  P f i x a t i o n .  
Since i n  t h i s  s tudy i t  was found t h a t  Na+ l ,  Ca+2 and Mg+2 were e a s i l y  l o s t  they 
may p o t e n t i a l l y  add t o  e x i s t i n g  s a l i n i t y  o r  s o d i c i t y  problems. I n  a d d i t i o n  the  Caf2 
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re leased may f u r t h e r  f i x  phosphorus i n  marg ina l l y  d e f i c i e n t  systems. 
m a t e r i a l s  tested t h e  RR sample f i t s  these c r i t e r i a  best  and ho lds  the  g rea tes t  
promise. A growth chamber study t o  t e s t  i t s  e f f e c t  on p l a n t  growth i s  planned. 

O f  the 

Table 2. Concentrat ion o f  major elements and t race  elements i n  d iges ted  c o n t r o l  
samples. 

~ ~~ 

Samp 1 e Ca Mg Na Fe A I  cu Zn Mn 

me/100 g PPm - 
GPY 197.5 120.8 18.3 43.0 70.0 43 25 93 
SB 142.5 52.5 7.0 115.5 86.7 60 113 250 
GH 110.0 45.8 58.7 31.1 36.7 33 38 55 
RR 225.0 58.3 15.7 56.4 44.5 33 18 175 
E 137.5 58.3 8.7 55.3 70.0 28 33 300 
PY R 66.5 41.7 39.1 88.6 55.6 110 130 140 

Table 3. Comparison o f  q u a n t i t y  o f  Ca, Mg and Na removed by s a t u r a t i n g  ca t i ons .  

Sa tu ra t i ng  Cat i o n  

Fe A1 cu Zn Mn 

_ _ _ _ _ _ _ _ ~ ~  ~ ~ 

GPY 182.7 185.6 136.3 91.3 106.8 
SB 140.8 141.2 136.7 107.5 105.3 

Calcium GH 101.9 103.3 99.8 77.5 82.0 
me/100 g RR 207.6 218.6 203.8 183.8 198.0 

E 122.0 130.0 116.7 107.5 107.3 
PY R 65.4 65.1 64.2 63.2 65.8 

~~ 

GPY 118.2 112.7 109.8 99.6 96.5 
SB 36.2 38.4 36.4 34.6 32.4 

Magnes i urn GH 31 .8 38.3 41.2 38.5 38.5 
me/100 g RR 57.0 56.5 56.4 54.9 55.1 

E 56.8 55.4 56.3 59.4 55.7 
PY R 35.8 35.8 34.5 33.8 30.0 

GPY 11.9 11.8 11.4 11.7 13.7 
SB 

Sod i um GH 51.6 50.2 50.9 50.9 52.2 
-- -- -- -- -- 

me/100 g RR 9.6 9.9 - 9 . i  9.0 12.8 
E 2.6 2.0 2.2 2.5 3.6 
PYR 32.3 32.2 3.1 .6 32.6 34.9 
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TOPSOIL VERSUS SPOIL AS A PLANT GROWTH MEDIUM 

Michal Harthil l  and Richard C. Barth 

U. S. Bureau of Mines, DMRC. Denver Fede ra l  Center,  Bldg. 20, 
Denver, Colorado, 80225; Colorado School of Mines Research Institute, 

P.O. Box 112, Golden, Colorado, 80401 

Controversy generated b y  the ac tua l  depth of topsoil'') required to ade- 
quately revegetate surface coal mined a r e a s  within the Northern Great Plains 
Coal Province (NGPCP) led the U. S. Bureau of Mines to fund the Colorado 
School of Mines Resea rch  Institute to r e s e a r c h  the problem, 
project  should allow development of predictive models,  useful within the NGPCP, 
fo r  determining opt imal  topsoil  depths fo r  forage communities at minimal long- 
range costs. 

Results of the 

EXPERIMENTAL METHODS AND RESULTS: Phase I of the study, initiated i n  
1976 consisted of canvassing the a r e a ' s  17 existing mine s i tes  for cu r ren t  rec la -  
mation practices.  All of the mines apply topsoil, according to presiding state 
reclamation regulations, p r ior  to seeding native and introduced plant species. 
Reclamation methods differ in the spoil t reatments ,  depth of topsoil applied, 
time of yea r  planted, species  planted, use of cover  crops,  ra te  of seeding, u s e  
of fe r t i l i zers ,  u se  of mulch, and mowing o r  grazing of the revegetated a r e a s (  1). 

Samples of regraded topsoil, and spoils,  and undisturbed soil  were  co l -  
lected f rom scvcn minc s i t c s  ( 2  in Wyoming, 1 in Montana, and 4 in North Dakota) 
and analyzed for  a var ie ty  of physical and chemical charac te r i s t ics  (Table 1). 
Despite the varying cl imat ic  differences within the NGPCP and the geologic 
differences between the  Powder River Basin and Williston Basin, a l l  of the seven 
sites were generally similar to  one another regarding existing plant growth 
media. Spoil salinity values were  moderately high, and thus salinity is likely to 
inhibit salt  intolerant plant species '  growth. Soil and spoil pH for the Dave 
Johnston mine s i te  was  not included in the Table 1 averaged data because values 
were aberrant ly  acidic for the NGPCP. 
s ta te  specifications. 
sample number and design will be m o r e  inclusive in the future. 

All values tend to fall  within accepted 
Because of known reclamation problem s i tes ,  the project 

Phase I1 of the project cons is t s  of construction of 14 field wedge tes t  plots 
(Figure I )  a t  existing su r face  coa l  mines i n  the NCPC,P (Figure 2). and monitoring 
of plant growth on the plots. 
the spring of 1977 with a mixture of three  of the following perennial grasses:  
Nordan crested wheatgrass  (Agropyron cr i s ta tum) ,  Luna pubescent wheatgrass  
(A. trichophorum). Critana thickspike wheatgrass  (A. dasystachyum), Rosana 
western wheatgrass  (A. smithii), and g reen  needlegrass  (*a viridula). 
species  were  chosen for the i r  ecological res i lence  and forage benefits. 
zer was applied a t  the r a t e  of 30 ppm P a s  superphosphate and 50 ppm N as 
W H O ,  o v e r  the en t i re  plot. 

P lo ts  were  d r i l l  seeded a t  30 seeds/O. 1 m2 during 

Plant 
Fe r t i l i -  

1 
II 
I 1  

I 

1' 

I' 

1 

(1) Topsoil is defined as the A (sur face)  horizon p lus  that portion of the under- 
lying B and C horizons which is conducive to plant growth. 
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Vegetation character is t ics  measured a f te r  the f i r s t  growing season w e r e  
establishment and t i l ler ing of perennial grasses .  
necessi ta te  plant harvesting, and the g r a s s e s  were  allowed to persevere.  
Volunteer species, pr imari ly  the annual Kochia, were  harvested for  above- 
ground biomass and f o r  t r a c e  element accumulation. 
both perennial g r a s s e s  and annuals w a s  estimated prior to plant harvest. 

These measurements  do not 

Percentage plant cover  of 

Perennial g r a s s  establishment on the wedge plots was 45. 5% for  topsoilel 
a r e a s  and 10.3% for  spoils; differences were  significant a t  the 1% level. 
horizontal g r a s s  shoots, p e r  plant average 2.8 for topsoil and 0. 9 f o r  spoils, 
significant a t  the 5% level. 
with increasing topsoil depth to  approximately 35 cm, then leveled off. 
a n  empir ical  observation, the same t rend occurred for  percentage plant cover. 
Samples of annual plants a r e  cur ren t ly  being analyzed for  t r a c e  element 
accumulation; data will be correlated with substrate  character is t ics .  
g r a s s  samples will be assayed for  t r a c e  element accumulation during the t h i r d ,  
fourth, and fifth growing seasons,  and uptake will be related to topsoil depth. 

DISCUSSION: Althoughthis study is in  the prel iminary stages, data indicate that 
topsoil allows for  increased percentage plant cover and above-ground biomass,  
a s  well a s  increased plant establishment and tillering, over  spoils t reated in the 
same  manner. 

Ti l lers ,  

Above-ground biomass (Figure 3 )  of Kochia increased 
Although 

Perennial  

Future  studies on  this  project will include increased soi l /spoi l  sample 
design and number due to increased number of plots in  various locations within 
the NGPCP. 
changes in soil moisture and density. 
be detected within the longeveity of this project. 
between disturbed soil, which is essentially a secondary succession stage, and 
spoil, a pr imary  succession stage, should be evident. Vegetative s tudies  will 
include effective root depth correlated with suitable plant-growth medium depth, 
a s  well a s  physiological and morphological studies including plant susceptibility 
to drought, f rost ,  and parasi tes .  

Soil/spoil studies w i l l  include percent organic mat ter ,  and seasonal 
It is not intended that soil development will 

However, significant differences 

Data collected over  a five-year span should allow for development of 
predictive, perhaps s i te  specific, models for  determining optimum topsoil depth 
within the NGPCP a t  minimal reclamation costs. 

REFERENCES: 

(1) Barth, R. C., 1977, Reclamation prac t ices  in the Northern Great  Plains 
Coal Province: Mining Congress Journal, May 1977, p. 60-64. 
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THE INFLUENCE OF BITUMINOUS COAL AND OVERBURDEN 

WITH UNDERGROUND COAL CONVERSION 
THERMO-MECHANICAL PROPERTIES ON SUBSlOENCE ASSOCIATED 

Haro ld D. Shoemaker' 
Sunder H. Advani' 
Frank D. Gmeindl' 

Yang-Tsi L i n 2  

'Morgantown Energy Research Center 
Morgantown, West V i r g i n i a  26505 

'West V i r g i n i a  U n i v e r s i t y  
Morgantown, West V i r g i n i a  26505 

INTRODUCTION 

The i n  s i t u  convers ion o f  coa i n t o  combust ib le  gas prov ides an a t t r a c t i v e  avenue f o r  
optimum u t i l i z a t i o n  of t he  Un ted S ta tes '  p r i n c i p a l  f o s s i l  f u e l  resource. The p r i -  
mary b e n e f i t s  o f  underground coal g a s i f i c a t i o n  (UCG) over  convent ional  m in ing  methods 
a re  hea l th ,  sa fe ty ,  c o n t r o l l e d  environmental subsidence, and maximum recovery of  
energy from coa l  depos i t s  which a re  d i f f i c u l t  t o  mine o r  a r e  unminable. The success 
o f  UCG methods from environmental,  t e c h n i c a l ,  and economic cons ide ra t i ons  depends on 
a hos t  o f  phys i ca l ,  chemical, and geo log ica l  parameters. These f a c t o r s  have been 
ex tens i ve l y  discussed i n  monographs d e t a i l i n g  Sov ie t  technology ( I  , 2 )  and t h e  recen t  
B r i t i s h  Na t iona l  Coal Board Status rev iew o f  s t u d i e s  i n  t h e  Un i ted  Kingdom, Russia 
and Uni ted S ta tes  ( 3 ) .  The major  U.S. Department o f  Energy (DOE) sponsored p r o j e c t s  
i n  t h e  Uni ted States a r e  the  Linked V e r t i c a l  Wel l  (LVW) programs a t  Hanna, Wyoming 
(41, and a t  Pricetown, West V i r g i n i a  (51, i n  the  medium t h i c k  western and t h i n  eastern 
coal seams, r e s p e c t i v e l y ;  and t h e  Packed Bed Process (PBP) experiments near G i l l e t t e ,  
Wyoming (61, a l s o  i n  t h e  t h i c k  western coa l  seams. 

The sur face and subsurface environmental impact o f  i n  s i t u  coa l  g a s i f i c a t i o n  may be 
p red ic ted  by u t i l i z i n g  the  thermo-mechanical-structural p r o p e r t i e s  o f  t h e  i n  s i t u  
ma te r ia l s .  The most se r ious  s t r u c t u r a l  mechanics r e l a t e d  problems o f  UCG a r e  those 
dea l i ng  w i t h  su r face  subsidence, roo f  s t a b i l i t y ,  and coal  p e r m e a b i l i t y  thermo- 
mechanical changes. The ensuing subsurface environmental consequences inc lude  
poss ib le  gas leakage, water  contamination, water  i n f l u x  i n t o  the combustion zone, and 
heat l oss  t o  t h e  overburden. Contro l  o f  t h e  UCG process r a t e  advancement, i t s  
s t a b i l i t y ,  and su r face  and sbbsurface subsidence response i s  be l i eved  t o  be p r i m a r i l y  
due t o  the  the rma l l y  induced s t r a i n  and i n  s i t u  s t resses.  In a d d i t i o n ,  coalbed perm- 
e a b i l i t i e s  i n  t h e  s w e l l i n g  bltuminous coa ls  a r e  a l s o  i n f l uenced  (7). Hence, the  bas ic  
s t r u c t u r a l  and c o n s t i t u t i v e  p r o p e r t i e s  o f  t he  i n  s i t u  m a t e r i a l s  must be known i n  order  
t o  p r e d i c t  t h e  e f f e c t s  o f  a g a s i f i c a t i o n  scheme w i t h  regard t o  r o o f  co l l apse ,  coa l  
f r a c t u r i n g ,  p o r o s i t y ,  pe rmeab i l i t y ,  and su r face  subsidence. 

Th is  study represents  an e f f o r t  t o  p rov ide  somewhat more r e a l i s t i c  and comprehensive 
experimental da ta  o f  i n  s i t u  g a s i f i c a t i o n  m a t e r i a l s  f o r  u t i l i z a t i o n  i n  subsidence 
comparisons from va r ious  emp i r i ca l  and phenomenological t heo r ies  for t h e  s t r a t i g r a p h y  
conforming t o  t h e  Morgantown Energy Research Center (MERC) UCG experiments. 
e l a s t i c  f i n i t e  element theory w i t h  s p e c i f i e d  f a i l u r e  c r i t e r i a  i s  used t o  i d e n t i f y  the 
sur face displacements, su r face  s t r a i n s ,  and r o o f  and su r face  f a i l u r e  zones. 

PREVIOUS INVESTIGATIONS 1 

Most of the research performed t o  determine t h e  s t r e n g t h  o f  coa l  has been from 
u n i a x i a l  compression t e s t s  on cub ica l ,  rec tangu la r ,  o r  i r r e g u l a r  shaped specimens 
(8,9,10). Coal has a g r e a t e r  u l t i m a t e  compressive s t r e n g t h  when loaded normal t o  
the  bedding planes than when loaded normal t o  e i t h e r  the  face  o r  b u t t  c l e a t s  (8,g). 

An 
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The u l t i m a t e  s t r e n g t h  increases when t h e  s t resses  become r e p r e s e n t a t i v e  o f  i n  s i t u  
t e c t o n i c  s t resses as shown from t r i a x i a l  l oad ing  experiments (9,ll,l2,l3). The 
u l t i m a t e  compressive s t r e n g t h  o f  coal  whether loaded normal t o  t h e  bedding planes 
o r  t he  c l e a t  p lanes i s  t e s t  specimen s i z e  dependent (l4,15,16), and increases 
exponen t ia l l y  w i t h  decreas ing specimen s i ze .  

S i m i l a r l y ,  t h e r e  a r e  many w i d e l y  used shapes and s i z e s  i n  de te rm in ing  the  mechanical 
p r o p e r t i e s  o f  rock;  such as,  c y l i n d e r s ,  pr isms and p l a t e s  (17-25). The va r ious  
s tud ies  on rock  do n o t  suppor t  t he  s i z e  dependence as shown i n  coal  (22,23,26-31); 
t h a t  i s ,  an increase i n  specimen s i z e  may o r  may n o t  a f f e c t  t h e  u l t i m a t e  s t r e n g t h  o f  
rock. However, under t r i a x i a l  loading cond i t i ons  the  s i z e  e f f e c t s  a r e  o n l y  present  
f o r  low c o n f i n i n g  pressures (32). 

There i s  evidence t h a t  coa l  and rock  a r e  v i s c o e l a s t i c  m a t e r i a l s  and t h a t  coa l  behaves 
l i k e  a viscous f l u i d  a t  e leva ted  temperatures. Brewer (33) s t a t e s  t h a t  when bitum- 
inous coa l  i s  heated under app rop r ia te  cond i t i ons ,  i t  may e x h i b i t  p l a s t i c ,  v iscous,  
o r  e l a s t i c  f l ow ,  and o f t e n  combinations o f  a l l  three.  Macrae and M i t c h e l l  (34) 
repo r ted  t h a t  t h e  u l t i m a t e  f a i l u r e  s t ress  and deformat ion were n o t a b l y  t lme dependent. 
A t  room temperature, f a i l u r e  occurred a f t e r  a h i g h  s t r e s s  had been mainta ined on t h e  
specimen f o r  an extended p e r i o d  o f  t ime. Sanada and Honda (35) have demonstrated 
t h a t  t h e  t ime-temperature s u p e r p o s i t i o n  p r i n c i p l e  can be a p p l i e d  t o  coa l .  
demonstrated t h e  th ree  s tages (pr imary,  secondary, and t e r t i a r y )  o f  t h e  i d e a l i z e d  
creep curve i n  rock. 

The u t i l i z a t i o n  o f  thermo-mechanical p r o p e r t i e s  o f  t h e  i nvo l ved  m a t e r i a l s  i n  the  
a p p l i c a t i o n  o f  subsidence and s t r a t a  c o n t r o l  t heo r ies ,  t o  underground min ing,  i n  t h e  
Uni ted States i s  r e l a t i v e l y  recent .  The p ioneer ing  pre-World War I I German exper ience 
and European e f f o r t s  on p r e - c a l c u l a t i o n  o f  coa l  mine subsidence (37-41) have served 
a s s b l u e p r i n t  c h a r a c t e r i z a t i o n s  f o r  soph is t i ca ted  modeling. The techniques f o r  p re -  
d i c t i n g  mine subsidence a r e  based e i t h e r  on mathematical rep resen ta t i ons  f o r  t h e  con- 
t inuous trough p r o f i l e  o r  t h e  i n f l u e n c e  f u n c t i o n  express ing t h e  e x t r a c t i o n  o f  
i n f i n i t i s i m a l  elements. A comprehensive survey o f  these methods and v e r t i c a l  sub- 
sidence S(x) computations f o r  severa l  p r o f i l e  o r  i n f l u e n c e  func t i ons  a r e  g i ven  by 
Brauner (42). The e m p i r l c a l  r e l a t i o n s  

Slngh (36) 

V ( X )  = C 1  (dS/dx) 

E(x )  = Cld2S/dX2 
and 

a re  employed f o r  e v a l u a t i o n  o f  the h o r i z o n t a l  displacement V(x) and t h e  h o r i z o n t a l  
su r face  s t r a i n  E(x) .  Brauner (42) a l s o  presents  cons ide ra t i ons  f o r  t ime  dependent 
and i n c l i n e d  s t r a t a  subsidence behavior .  The Subsidence Engineers '  'Handbook (43) 
f u rn i shes  extens ive f i e l d  r e s u l t s  and des ign curves f o r  p r e d i c t i n g  displacements, 
t i l t s ,  and s t r a i n s .  For c r i t i c a l  o r  super c r i t i c a l  w id ths ,  t h e  maximum v e r t i c a l  
subsidence Smax i s  g e n e r a l l y  from 0.50 t o  0.90 o f  t he  seam th ickness w h l l e  t h e  
maximum h o r i z o n t a l  d isp lacement  Vmax i s  about o n e - t h i r d  o f  Smax. 
maximum t i l t ,  compressive s t r a i n ,  and t e n s i l e  s t r a i n  va lues a r e  approx imate ly  2.5 
Smax/depth, 0.5 Smax/depth, and 0.67 Sma,/depth, r e s p e c t i v e l y .  

The mine subsidence rep resen ta t i ons  discussed i n  t h e  l i t e r a t u r e  s i t e d  above a r e  
p r i m a r i l y  semi-empir ica l  and do n o t  address l o c a l  geo-mechanical v a r i a b l e s .  Var ious 
phenomenological model rep resen ta t i ons  have been attempted t o  i nc lude  geometr ic  and 
m a t e r i a l  p roper t y  e f f e c t s .  These i n v e s t i g a t i o n s  encompass two- and three-d imensional  
l i n e a r  i s o t r o p i c  and a n i s o t r o p i c  e l a s t i c i t y  t heo ry  models (44-461, v i s c o e l a s t i c  
responses (491, exper imenta l  models (SO), and e l a s t i c  as w e l l  as e l a s t o - p l a s t i c  
f i n i t e  element model subsidence eva lua t i ons  (51-53) u t i l i z i n g  exper imenta l  f i e l d  data.  
Several roo f  s t r e s s  response s t u d i e s  r e l a t i n g  t o  underground opening des ign and 
min ing operat ions have been conducted u t i l i z i n g  t h e  f i n i t e  element s t r e s s  eva lua t i ons  
(54-56). S i m i l a r  s t u d i e s  on the  i n f l uence  o f  s t resses  on r o o f  rock f r a c t u r e s ,  b l o c k  
boundary weakening, and cavabi  l i t y  have been conducted (57). Other i n v e s t i g a t o r s  (1)  
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and r e p o r t s  (2) have a l s o  presented q u a l i t a t i v e  d i scuss ions  r e l a t i v e  to su r face  
subsidence, roo f  c o l l a p s e  and t h e  ensuing techn ica l  and environmental problems. 

EXPERIMENTAL STUOlES 

I n  examining s t r u c t u r a l  p r o p e r t y  e f f e c t s  on subsidence, r o c f  co l l apse ,  and v a r i o u s  
modes o f  f a i l u r e ,  s p e c i f i c  types o f  data a r e  requ i red ,  
a r e  d i r e c t i o n a l  ( f o r  coa l )  and temperature-dependent s t r e s s - s t r a i n  r e l a t i o n s  and 
f a i l u r e  s t resses i n  compression and shear. 

The P i t t s b u r g h  b i tuminous coal and i t s  ad jacen t  overburden were eva lua ted  i n  t h e  
experiments. A l l  experiments were conducted i n  u n i a x i a l  compression and s imp le  
shear, i n  determin ing b o t h  t h e  e l a s t i c  and v i s c o e l a s t i c  p r o p e r t i e s  o f  t h e  m a t e r i a l s .  
Because o f  t h e  s i z e  dependency o f  coal  w i t h  regard t o  i t s  u l t i m a t e  s t reng th ,  f o u r  
d i f f e r e n t  specimen s i zes ,  f" x f" x I " ,  I"  x I "  x 2", 2" x 2" x 4", and 4" x 4" x 8" 
(1.27 x 1.27 x 2.54 cm, 2.54 x 2.54 x 5.08 cm, 5.08 x 5.08 x 10.16cm, and 10.16 x 
10.16 x 20.32 cm), were used i n  t h e  u n i a x i a l  compression t e s t s  and one i n  s imp le  
shear, f" x 2" x 2" (1.27 x 5.08 x 5.08 cm) ( f i g u r e  1 ) .  One specimen s i z e  was used 
i n  t h e  overburden experiments i n  u n i a x i a l  compression, f" x f" x 1 ' '  (1.27 x 1.27 x 
2.54 cm). The thermo-mechanical p r o p e r t i e s  t e s t  apparatus and exper imen ta t ton  
d e t a i l s  a re  descr ibed elsewhere ( 5 8 ) .  

E l a s t i c  Ex eriments --  Temperature has a dramat ic  e f f e c t  upon t h e  u l t i m a t e  s t r e n g t h  
and ultima!e s t r a i n  o f  coal  and the  overburden ( f i g u r e s  2 - 4 ) .  Regardless o f  spec i -  
men s ize,  t he  u l t i m a t e  s t r e n g t h  o f  t h e  coa l  i s  g r e a t e s t  a t  ZOOOF ( 9 3 O C )  ( f i g u r e  21, 
The dark gray shale, which con ta ins  carbon, responds s i m i l a r l y  t o  coal  i n  t h a t  t he  
l a r g e s t  u l t i m a t e  s t r e n g t h  i s  s h i f t e d  t o  t h e  r i g h t  t o  approx imate ly  350OF ( 1 7 7 O C ) ,  
w h i l e  the  l i g h t  g ray  shale d i sp lays  p r o g r e s s i v e l y  increased s t r e n g t h  as t h e  tempera- 
t u r e  increases over  the  temperature range obta ined (75O-7OO0F (240-37IOC)). The 
u l t i m a t e  s t r a i n  i s  r e l a t i v e l y  constant  f o r  t he  coa l  and dark gray sha le  u n t i l  t h e  
temperature o f  t h e  specimens exceed 50OoF (260OC) and 575OF (302OC), r e s p e c t i v e l y ,  
where l a r g e  f i n i t e  s t r a i n s  occur; w h i l e  f o r  t h e  l i g h t  gray shale t h e  u l t i m a t e  s t r a i n  
remains r e l a t i v e l y  constant  over the  temperature range i n v e s t i g a t e d  (750-7OOOF (240- 
371OC)) ( f i g u r e s  2 and 3 ) .  No t i ce ,  f i g u r e  4, t he  c h a r a c t e r i s t i c  S-shape o f  t h e  s t ress-  
s t r a i n  curves and t h e  e l a s t o - p l a s t i c  response o f  t he  coa l  t o  u n i a x i a l  compressive 
loading.  

Theory does no t  suppor t  t h e  phenomen observed i n  the  coal  and da rk  g ray  sha le  t h a t  
t h e i r  s t reng ths  increase w i t h  temperature be fo re  a f i n a l  decrease t o  v e r y  smal l  
values ( f i g u r e s  2-4). However, these c h a r a c t e r i s t i c s  have been observed i n  coa l  (34) 
and dark gray shale (59). Macrae and M i t c h e l l  (34) pos tu la ted  t h a t  t h e  increased 
s t reng th  a t  approx imate ly  2120-248oF (1000-120OC) was due t o  t h e  weaker secondary 
fo rces  o f  the van de r  Waals-type between s t r u c t u r a l  u n i t s  being a f f e c t e d  and t h a t  
hea t ing  a f f e c t s  t h e  mode o f  f r a c t u r e  from tens ion  a t  o r d i n a r y  temperatures t o  shear 
a t  temperatures above 212OF (IOOOC). These r e s u l t s  were g e n e r a l l y  v a l i d a t e d  i n  the  
experiments . 
The u l t i m a t e  shear ing s t reng ths  from t h e  shear t e s t s  were, i n  genera ld independent o f  
t he  o r i e n t a t i o n  o f  loading ( v a r i e d  l ess  than 200 p s i  (0.138 x l o 7  N/m ) over  t h e  tem- 
pe ra tu re  range) ( f i g u r e  5 ) .  The r e s u l t s  f o r  loadings normal to  t h e  face and b u t t  
c l e a t s  i n  u n i a x i a l  compression a r e  a l s o  s i m i l a r ,  bu t  d i f f e r e n t  f rom load ings  normal 
t o  the  bedding p lanes ( f i g u r e  6 ) .  Th i s  s i m i l a r i t y  i n d i c a t e s  t h a t  a t  l e a s t  a long  
these two d i r e c t i o n s  t h e  P i t t s b u r g h  coal  behaves as a t ransve rse l y  i s o t r o p l c  m a t e r i a l  
as a l s o  observed (9,35,60) f o r  o t h e r  coa ls .  

V i s c o e l a s t i c  Experiments -- The v i s c o e l a s t i c  p r o p e r t i e s  o f  the coa l  and overburden 
a l s o  represent a l a r g e  v a r i e t y  o f  l i n e a r  and n o n l i n e a r  rheo log i ca l  p r o p e r t i e s ,  The 
e f f e c t  o f  o r i e n t a t i o n  o f  t he  constant  a p p l i e d  load on the creep compliance i n  coa l  
i s  demonstrated i n  f i g u r e  7 a t  500OF (260OC). 

The bas i c  p r o p e r t i e s  requ i red  

No t i ce ,  the d i f f e r e n c e  between t h e  
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curves, compressive l oad ing  normal t o  the  bedding p lanes demonstrates f a i l u r e  i n  
t e r t i a r y  creep a f t e r  approx imate ly  s i x  minutes, w h i l e  f o r  loadings normal t o  the f a c e  
and b u t t  c l e a t s  f a i l u r e  d i d  n o t  occur u n t i l  much l a t e r  (35 minutes) .  Th i s  d i r e c t i o n a l  
e f f e c t  i s  apparent ly  due t o  increased res i s tance  t o  deformation i n  the  face and b u t t  
c l e a t  d i r e c t i o n s  caused by t h e  i n t e r l a y e r i n g  of  t he  o rgan ic  and ino rgan ic  m a t e r i a l s  
when t h e  loading i s  p a r a l l e l  to  the  bedding p lanes.  The P i t t s b u r g h  coal  can a l s o  be  
represented by t h e  t ime- temperature superpos i t i on  p r i n c i p l e  ( f i g u r e  8 ) .  

ROOF RESPONSE EVALUATIONS AND SUBSIDENCE COMPUTATIONS 

The presented exper imenta l  da ta  i s  employed f o r  t h e  e v a l u a t i o n  o f  UCG f r a c t u r e d  roof  
zones, roo f  convergence, and su r face  subsidence. F igu re  9a reveals  the  se lected 
two-dimensional model corresponding t o  t h e  planned Morgantown Energy Research Center 
l i n e - d r i v e  experiments a t  Pr icetown,  West V i r g i n i a .  F igu re  9b i l l u s t r a t e s  t h e  propa- 
g a t i n g  c a v i t y  c o n f i g u r a t i o n  a t  a s p e c i f i e d  t ime i n s t a n t  w i t h  t h e  adjacent  coke, 
sof tened layers,  and overburden. The corresponding "steady s ta te "  constant  temperature 
p r o f i l e s ,  computed by t h e  A l t e r n a t i n g  D i r e c t i o n  I m p l i c i t  Method (61) a r e  shown i n  
f i g u r e  9c. 

The s t r e s s  model s i m u l a t i o n s  e n t a i l  use o f  t he  NASTRAN f i n i t e  element code f o r  an 
i n i t i a l l y  se lected c a v i t y  c o n f i g u r a t i o n  a t  t ime  t l .  The e f f e c t s  o f  temperature 
loading,  i n  s i t u  s t resses ,  and i n t e r n a l  pressure a r e  superposed and temperature 
dependent mechanical p r o p e r t i e s  a r e  assumed f o r  t h e  P i t t s b u r g h  coal and overburden 
sha le  elements. On t h e  b a s i s  of the  computer p r i n c i p l e  s t resses,  f a i l u r e  c r i t e r i a  
i n  terms o f  t he  t e n s i l e  and compressive y i e l d  s t reng ths  a r e  a p p l i e d  as f o l l o w s .  

Compression F a i l u r e  -- T h i s  f a i l u r e  occurs when 

co = u3 - u1 
( 1  + L l f 2 ) f  - Llf 

3) 

where u1 and u3 a r e  the major  and minor p r i n c l p a l  s t resses,  r e s p e c t i v e l y ,  Co i s  t h e  
u n i a x i a l  compressive s t r e n g t h ,  and uf i s  t he  i n t e r n a l  c o e f f i c i e n t  o f  f r i c t i o n .  

Tension F a i l u r e  -- For t h e  case 3u1 + u3 > 0, t h e  l i m i t i n g  f a i l u r e  c r i t e r i o n  i s  

~1 = To 4) 
where To i s  t h e  u n i a x i a l  s t r e n g t h  i n  tens ion.  

, Shear F a i l u r e  --  For  t h e  case 3u1 + u3 < 0, f a i l u r e  i s  governed by 

- ( U i  - 0 3 ) 2 ( 0 1  + U 3 1 - I  = 8To 5) 

A t  t he  i n i t i a l  s p e c i f i e d  t ime i n s t a n t ,  t h e  e l a s t i c  model i s  s imulated and the  f a i l u r e  
zones a r e  i d e n t i f i e d .  The e l a s t i c  p r o p e r t i e s  o f  these f a i l u r e  reg ions a r e  then 
reduced by a f a c t o r  o f  100 s i n c e  t h e  normal h o r i z o n t a l  s t resses a re  r e l i e v e d .  The 
r e s u l t i n g  s t ress  d i s t r i b u t i o n s ,  r o o f  convergence, and sur face subsidence va lues a r e  
determined. The procedure i s  cont inued u n t i l  maximum r o o f  convergence i s  obtained. 
For each subsequent t ime i n s t a n t ,  t h i s  method i s  repeated and the new corresponding 
f a i l u r e  zones a r e  ob ta ined  a long w i t h  the  r o o f  convergence p r o f i l e  and su r face  
subsidence. 

The se lected mechanical and thermal p r o p e r t i e s  f o r  t he  model s i m u l a t i o n  a r e  presented 
i n  t a b l e  1 and f i g u r e  10. The r o o f  and coal  f a i l u r e  zones f o r  d i f f e r e n t  t ime 
i n s t a n t s  computed f rom t h e  NASTRAN model s i m u l a t i o n  and assigned f a i l u r e  c r i t e r i a  
a r e  i l l u s t r a t e d  i n  f i g u r e  11. The corresponding non-dimensional ized e l a s t i c  and 
" f ractured"  roof  convergence p r o f i l e s  a re  revealed i n  f i g u r e  12 w i t h  t h e  v e r t i c a l  
su r face  subsidence p r o f i l e s  shown i n  f i g u r e  13. 

I: 

1; 
I,; 

I j 

i 

'I 

I 
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TABLE 1. Selected Hechanlcal and T h e m 1  Propertiel fw the Waster Model 

Property 

Young'r 
Modulus 

~ 

Light  Gray Dark Gray 
Shale 

See 

Softened 
Symbol uni ts  Coal Coal Layer Coke Sandstone Shale 

E 
186 I lo3 5W 130 x IO3 2.0 x loh 800 x 10' Psi 

( ~ 1 . 2 )  (128 x 10') (0.345 x 107) (89.6 x lo7) (1.38 x lo1') (552 x lo7) Figure 10 

Tensile 
Strength 

D I S C U S S I O N  AND CONCLUSIONS 

The t e s t s  conducted on t h e  P i t t s b u r g h  coa l  and adjacent  overburden were convent ional  
ones used f o r  determin ing t h e  p r o p e r t i e s  i d e n t i f i e d  f o r  e l a s t i c  o r  v i s c o e l a s t i c  
i s o t r o p i c ,  homogeneous m a t e r i a l s .  The da ta  from these t e s t s  represent  a l a r g e  
v a r i e t y  of l i n e a r  and non l i nea r  r h e o l o g i c a l  p r o p e r t i e s  i n c l u d i n g  p l a s t i c i t y  and creep, 
depending upon temperature. 
behave as p l a s t i c ,  e l a s t o - p l a s t i c  v i s c o e l a s t i c  m a t e r i a l s  under d i f f e r e n t  c o n d i t i o n s  
and none o f  t he  e x i s t i n g  e l a s t o - p l a s t i c  o r  o t h e r  known p l a s t i c  t heo r ies  a r e  s u i t a b l e  
f o r  t o t a l l y  desc r ib ing  t h e  s t r e s s - s t r a i n - t i m e  c h a r a c t e r i s t i c s .  
have been descr ibed by o the rs  (33-35). 

These exper imen ta l l y  obta ined P i t t s b u r g h  coa l  and overburden thermo-mechanical 
p r o p e r t i e s  fu rn i sh  bas i c  da ta  f o r  t h e  d e t a i l e d  s t r u c t u r a l  s i m u l a t i o n  o f  t h e  r o o f  
and sur face subsidence responses d u r i n g  i n  s i t u  g a s i f i c a t i o n  processes. 
s tudy (62), u t i l i z i n g  an e l a s t o - p l a s t i c  f i n i t e  element model w i t h  temperature i n -  
dependent overburden p r o p e r t i e s ,  has demonstrated t h a t  t he  maximum su r face  subsidence 
i s  0.52 X seam th ickness (for the  two-dimensional p lane s t r a i n  model s t r a t i g r a p h y  
s imulated here w i t h  a 500 f o o t  (152 m) e x t r a c t i o n  w id th ) .  The corresponding y i e l d e d  
zone extends t o  a d i s tance  of approx imate ly  350 f e e t  (107 m) immediately above the  
r o o f .  This va lue apparen t l y  represents  an upper bound s ince  conserva t i ve  overburden 
compressive and t e n s i l e  s t r u c t u r a l  s t reng ths  a r e  used (Co = 2800 p s i  (1.93 x IO7 N/m2) 
and To = 86 p s i  (0.06 X l o 7  N/m2)). For the  s imu la t i ons  presented here, t he  su r face  
subsidence corresponding t o  an e x t r a c t e d  w i d t h  o f  100 f e e t  (30.5 m) i s  0.14 X seam 
th i ckness  ( f i g u r e  13) w i t h  a v e r t i c a l  overburden f r a c t u r e d  shear and t e n s i l e  zone o f  
approx imate ly  36 f e e t  (11 m) ( f i g u r e  11).  Related s tud ies  (61,621 have been con- 
ducted on crack propagat ion i n  t h e  overburden r o o f  rock. Th is  thermal c rack ing  o f  
t h e  roof  b lock  prov ides an avenue f o r  water  i n f l u x  i n t o  the  combustion zone t o  
enhance the hea t ing  va lue o f  t he  produced gas. 
v i a  t h e  thermal cracks and t h e  t e n s i l e  and shear induced f i s s u r e s  i n  t h e  roo f ,  does 
n o t  appear probable f o r  t h i s  case. 
p r o f i l e s  i n  f i g u r e  12 a re  impor tant  i n d i c a t o r s  o f  t he  i n t e r m i t t e n t  r o o f  f r a c t u r t n g  
process. 
s t r e s s  concentrat ions induced a t  t h e  c a v i t y  edge ( f i g u r e  1 1 ,  the Longwall Generator 

I n  r e a l i t y ,  t h e  P i t t s b u r g h  coa l  and dark g ray  shale 

S i m i l a r  phenomena 

A r e l a t e d  

However, gas leakage t o  t h e  sur face,  

The magnitudes and slopes of  t h e  r o o f  convergence 

The propagat ion o f  t h e  combustion f r o n t  i s  enhanced by t h e  severe compressive 

86 86 86 ._.. .... Scaled psi 86 
( ~ 1 . 2 )  (0.06 x 10)) (0.06 1071 (0.06 107) (0.06 x lo7) 

To 
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underground g a s i f i c a t i o n  concept i s  here represented) .  S i m i l a r  s t r e s s  a n a l y s i s  
considerat ions a l s o  a p p l y  t o  t h e  Linked V e r t i c a l  Well  g a s i f i c a t i o n  concept w i t h  a 
t e a r  drop shaped c a v i t y .  The corresponding sweep areas a re  l i m i t e d  f o r  t h l n  seam 
coal s ince  t h e  r a d i a l  combustion v e l o c i t i e s  a r e  l i m i t e d  and the r e s u l t i n g  r o o f  
s t r e s s  concentrat ions a r e  cons ide rab ly  l e s s  severe than f o r  t he  Longwall Generator 
case. 

These thermo-mechanical d a t a  a l s o  become u s e f u l  i n  understanding the bas i c  
mechanisms invo lved  i n  mass and energy t r a n s p o r t  and mechan ica l - s t ruc tu ra l  e f f e c t s  
i n  g a s i f i c a t i o n  processes. 
i n i t i a t i o n  o f  a burn i n  model ing coal  g a s i f i c a t i o n  processes i n  the  l a b o r a t o r y  
w i t h  the  P i t t s b u r g h  coa l  and overburden i s  r e a d i l y  understood t o  be due t o  the  
s w e l l i n g  and e f f e r v e s c e n t  n a t u r e  (bubbl ing o f  t a r s  i n t o  the  f i s s u r e s )  o f  t h e  
P i t t s b u r g h  coal  a t  e leva ted  temperatures. The t a r s ,  a long w i t h  the s w e l l i n g  o f  
the  P i t t sbu rgh  b i tuminous coa l ,  tend t o  r e s t r i c t  t h e  outward movement (reduce 
pe rmeab i l i t y )  o f  t h e  combustion f r o n t  around a borehole o r  c a v i t y  as w e l l  as 
i n h i b i t  a forward burn a long  a borehole. However, t h e  swe l l i ng ,  e f fe rvescen t  and 
coalescent na tu re  o f  t h e  P i t t s b u r g h  coal  becomes an asset  i n  c o n t r o l  o f  channel ing 
o r  s h o r t - c i r c u i t i n g  i n  1 i n e - d r i v e  g a s i f i c a t i o n  processes (7) i n  t h a t  t h e  f l u i d i c  
coal  w i l l  be forced i n t o  these channels by t h e  pressure o f  t h e  f r a c t u r e d  roof  
(overburden) and t h e  s w e l l i n g  o f  t h e  coa l .  

Although water i n f l u x  e f f e c t s  i n t o  the  combustion zone a r e  n o t  e x p l i c i t l y  considered 
i n  t h e  subsidence a n a l y s i s ,  t h e  a d d i t i o n a l  subsidence due t o  e x t r a c t i o n  o f  t h e  
neighbor ing f l u i d s  can be inc luded by ass ign ing  the  r a t i o  o f  t he  depleted f l u i d  
volume dur ing g a s i f i c a t i o n  t o  t h e  caved b lock  volume (62). 
can then be acco rd ing l y  mod i f i ed .  

REFERENCES 

For example, decreased p e r m e a b i l l t y  s h o r t l y  a f t e r  

The subsidence cu rve  

1 .  

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

9. 

IO. 

11.  

12. 

Skafa, P. V . ,  "Underground G a s i f i c a t i o n  o f  Coal," Gosudarstvenno Hauchno- 
Tekhnicheskoe l z d a t e l  ' s t v o  L i t e r a t u r y  Po Gorncinu Delu, Moscow (1960); 
a l s o  UCRL-TRANS-10880, September 1975, 324 pp. 

A r t h u r  D. L i t t l e ,  Inc., Cambridge, Mass., 1972. 

Coal," N a t i o n a l  Coal Board, UK, 1976. 

f o r  Energy Recovery," ASME Paper No. 75-PVP-44, 1975. 

o f  Bituminous Coals," presented a t  3 rd  Annual Underground Coal G a s i f i c a t i o n  
Symposium, sponsored by Lawrence Livermore Laboratory  a t  F a l l e n  Leaf Lake, 
CA, June 6-10, 1977, 13 pp. 

UCRL-50032-75, Lawrence Livermore Laboratory ,  Livermore, CA, 1975. 

Related t o  I n  S i t u  G a s i f i c a t i o n  o f  Coal," i n  press, ASME t ransac t i ons ,  
paper presented a t  t h e  Energy Technology Conference and E x h i b i t i o n ,  
Houston, TX, September 18-22, 1977, Paper No. 77-Pet-25, 5 pp. 

Evans, I .  and C. 0. Pomeroy, "The Compressive S t reng th  o f  Rectangular Blocks 
o f  Coal," N a t i o n a l  Coal Board (England), Report 2077, October 1957, 15  pp, 

Evans, I .  and C.  D. Pomeroy, "The Strength,  F rac tu re ,  and W o r k a b l l i t y  o f  Coal ," 
Pergamon Press, New York, 1966, 277 pp. 

Rad, P. F., "Mechanical P roper t i es  and C u t t i n g  C h a r a c t e r i s t i c s  o f  Coal," 
BuMines In fo rma t ion  C i r c u l a r  8584, 1973, 46 pp. 

Hobbs, D. W., "S t reng th  and S t r e s s - S t r a i n  C h a r a c t e r i s t i c s  o f  Coal i n  T r i a x i a l  
Compression," J .  Geol., v. 72, March 1964, pp. 214-231. 

Pomeroy, C .  D. and D. W. Hobbs, "Fracture o f  Coal Specimens Subjected t o  
Complex Stresses, ' '  S tee l  and Coal, v .  185, December 1962, pp. 1124-1133. 

Anon, "A Current  Appra i sa l  o f  Underground Coal Gas i f i ca t i on , "  PB 209 274, 

Thompson, P. N., Mann, J .  R . ,  and F.  Wi l l i ams ,  "Underground G a s i f i c a t i o n  of 

Schr ider ,  L. A. and D. D. F isher ,  " I n  S i t u  Coal G a s i f i c a t i o n  - A Unique Means 

S t r i ck land ,  L. D. ,  # ' A  S ta tus  Report on MERC's Program f o r  In  S i t u  G a s i f i c a t i o n  

Stephens, D. R . ,  "LLL I n  S i t u  Coal G a s i f i c a t i o n  Program - Annual Report 1975," 

Advani, S .  H . ,  L. 2. Shuck, and K. Y. Lee, "Stress Response I n v e s t i g a t i o n s  

238 

J 

i 



I 

I 

I 

I 

I 
I 

i 

I 

I 
I 

I 

I 

I 

I 
I 

I 
I 

I 

13. 

14. 

15. 

16. 

17 * 

18. 

19. 

20. 

2 1 .  

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 
38. 

KO, Hon-Yim and K. H. Gers t l e ,  " E l a s t i c  P r o p e r t i e s  o f  T c  Coals,Il I n t e r n a t .  
Journal  o f  Rock Mechanics, M ine ra l  Science, and Geomechanics, v. 13, 
1976, pp. 81-90. 

B ien iawski ,  Z .  T. ,  "Ef fect  o f  Specimen S ize  on Compresslve S t reng th  of Coal," 
I n t e r n a t .  Journal  o f  Rock Mechanics and M ine ra l  Science, v .  5, J u l y  1968, 
PP. 325-335. 

Coal, Eng., v. 38, 1961, pp. 75-87. 

o f  Cubinal Specimens Tested," Va. Po ly techn ica l  I n s t . ,  Eng. Expr. Sta., 
Ser. 1 1 2 ,  August 1956, 27 pp. 

Concrete 2 ,  71-82, 1961. 

Compressive S t reng th  o f  Cement-Stabi l ised Ma te r ia l s , "  Magazine o f  Concrete 
Research 22, 45-50, 1970. 

D i r e c t  T e n s i l e  S t reng th  o f  Concrete," RlLEM B u l l e t i n ,  No, 36, 175-184, 1967. 

P r e t o r i a ,  1968. 

St rength o f  Concrete," Proc. ASTM 25, 237-250, 1925. 

Diameters on the U n i a x i a l  Compressive S t reng th  o f  Rocks," BuKines R I  723&, 1469. 

Unconfined Rock Strength,"  Coll i e r y  Guardian 220, 75-80, 1972. 

SOC. Am. 66, 1275-1314, 1955. 

under B i a x i a l  Compression." Journal  o f  t he  Am. Concrete I n s t . ,  Proc. 62, 
1187-1189, 1965. 

Obert L . ,  S. L. Windes, and W .  I .  Duva l l ,  "Standardized Tests  f o r  Determin ing 
the Phys ica l  P roper t i es  o f  Mine Rock," US BuMines R I  3891, 1946, 

Skinner, W. J . ,  "Experiments on the  Compressive S t reng th  o f  Anhydr i te , "  The 
Engineer 207, 255-259 and 288-292, 1959. 

Mogi, K., "The In f l uence  o f  t h e  Dimensions o f  Specimens on the  F r a c t u r e  S t reng th  
o f  Rocks,'' B u l l .  Earthquake Res. I n s t . ,  Tokyo Univ. 40, 1975-185, 1962, 

Hodgson, K. and N. G.  W. Cook, "The E f f e c t s  o f  S i ze  and Stress Gradient  on t h e  
S t reng th  o f  Rock," Proc. Second Congress I n t .  SOC. Rock Mech. Belgrade 2, 
31-34, 1970. 

du s e l  Gemme Roumain," Proc. Seventh Congr. I n t .  Min. Met, Geol. Appl.,  
Pa r i s  1 ,  317-320, 1935. 

Ruhfus, B., " I n v e s t i g a t i o n  o f  t he  In f l uence  o f  t h e  Dimensions and Layer ing of 
Rock Specimens upon the Compressive Strength,"  M.S. Thesis, Colorado 
School o f  Mines, 1961. 

Habib, P. and G. V o u i l l e ,  "Sur l a  D i s p a r i t i o n  de I ' E f f e c t  d ' E c h e l l e  aux 
Hautes Pressions," C r .  hebd. Seanc. Acad. Sc i . ,  Pa r i s ,  1966. 

Brewer, R .  E., " P l a s t i c  and Swe l l i ng  P r o p e r t i e s  o f  Bituminous Coking Coals," 
BuMines B u l l e t i n  445, 1942, 260 pp. 

Macrae, J. C .  and A. R. M i t c h e l l ,  "The Response o f  B r i g h t  Bituminous Coal t o  
Und i rec t i ona l  Compression," Fuel, v .  36, October 1957, pp. 423-441. 

Sanda, Y .  and H. Honda, "Creep i n  Coal Over t h e  Temperature Range 200 t o  370OC," 
Fuel, v .  42, 1963, pp. 479-486. 

Singh, D. P., "A Study o f  Creep o f  Rocks," I n t .  J. Rock Mech., Min, Sc i . ,  and 
Geomech. Abst r . ,  v .  12, pp. 271-276, 1975. 

Br iggs,  H., "Mining Subsidence," E .  Arnold and Co., London, 215 pp., 1929. 
Bals, R . ,  "A C o n t r i b u t i o n  t o  the  Problem of  P r e c a l c u l a t i n g  Min ing Subsidences," 

Evans, I., C .  D. Pomeroy,and R .  Berenbaum, "Compressive S t reng th  of Coal," 

Gaddy, F. L . ,  "Study o f  U l t i m a t e  S t reng th  o f  Coal as Related t o  Absolute S ize  

Narayanan R . ,  "Some Factors  which a f f e c t  Concrete Strength," Cement and 

Symons, I .  F., "The E f f e c t  o f  S i ze  and Shape o f  Specimen upon t h e  Unconfined 

Kadlecek, V. and Z. Spet la ,  " E f f e c t  o f  S i ze  and Shape o f  Test  Specimens on the  

Bien iawski ,  Z .  T., "The Compressive S t reng th  o f  Hard Rock," C S l R  Report MEG 272, 

Gonnerman, H. F., " E f f e c t  o f  S ize and Shape o f  Test  Specimens on compressive 

Hoskins, J. R .  and F. G. Horino, " In f l uence  o f  Spher ica l  Head S ize  and Specimen 

D h i r ,  R .  K., C .  M. Sangha and J. G. L .  Munday. " In f l uence  o f  Specimen S ize  on 

Robertson, E. C . ,  "Experimental Study o f  t he  S t reng th  o f  Rocks,'' B u l l .  Geol. 

Fumagall i ,  E., d i scuss ion  on a paper by lyenger e t  a l - "St rength o f  Concrete 

Stamatiu, M. and C. C. Teodorescu, "Quelques P roper t i es  Physiques e t  Mecaniques 

M i t t e i l u n g e n  aus dem Markscheidewesen, v. 42/43, pp. 98-111, 1931/1932. 

239 



39. 

40. 

41. 

42. 

43. 
44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

Knothe, S. ,  "Observations o f  Surface Movements under In f luence o f  Min ing and 
Thei r  Theore t ica l  I n t e r p r e t a t i o n , "  Proceedings o f  the European Congr. on 
Ground Movement, Univ. o f  Leeds, pp. 49-57, 1957. 

Drent, S . ,  "Some Considerat ions on t h e  Connection Between Time-Curves and the 
Thickness o f  the  Non-Carboniferous Overburden i n  the  South Limburg Coal- 
f i e l d , "  Proc. o f  European Congr. on Ground Movement, Univ. o f  Leeds, 
PP. 49-57, 1957. 

Movements Due t o  Underground Mining," I n t e r n a t .  J. o f  Rock Mech. & Min. 
Sci., v .  6, pp. 159-190, 1969. 

Pract ices i n  P r e d i c t i n g  Surface Deformation," Par t  I I: "Ground Movements 
and Min ing Damage," BuMines I n f o  C i rc .  8571, 8572, 1973. 

Zenc, M., "Comparison of B a l s '  and Knothe's Methods o f  Ca lcu la t lng  Surface 

Brauner, G., "Subsidence Due t o  Underground Mining," Par t  I :  "Theory and 

"Subsidence Engineers' Handbook," Nat. Coal Board Mln ing Department, 1975. 
Berry, 0. A. and T. W. Sales, "An E l a s t i c  Treatment o f  Ground Movement due t o  

Mining-11, Transverse ly  I s o t r o p i c  Ground," J. o f  Mech. & Phys. o f  Sol ids,  
V. 9, pp. 52-62, 1961. 

M i n i n g - I l l ,  Three-Dimensional Problem, Transverse ly  I s o t r o p i c  Ground," 
J. o f  Mech. & Phs. o f  So l ids ,  v. 10, pp. 73-83, 1962. 

Berry ,  D. A., "The Ground Considered as a Transverse ly  I s o t r o p i c  Mater ia l , "  
In te rna t .  J. o f  Rock Mech. & Min. Sc i . ,  v. 1 ,  pp. 159-167. 1964. 

Salamon, M. D. G. ,  " E l a s t i c  Analys is  o f  Displacements and Stresses Induced by 
the Min ing o f  Seam o r  Reef Deposits," J. o f  South A f r i c a n  I n s t .  of Min. 
and Met., v .  64, pp. 128-129, pp. 197-218, pp. 468-500, 1963/1964. 

Crouch, S. L. and C. F a i r h u r s t ,  "Analysis o f  Rock Mass Deformations due t o  
Excavations," Rock Mech. Symp., AMD-Vol. 3, ASME Pub., pp. 25-40, 1973. 

Marshall ,  G .  J., "A V i s c o - e l a s t i c  Treatment of t h e  Deformation of the Ground 
Caused by Min ing Operations," J. o f  Mech. & Phy. o f  So l ids ,  v. 17, pp. 
151-162, 1969. 

Pariseau, W. G. and H. D. Dahl, "Mine Subsidence and Model Analysis," 
Society o f  M in ing  Engineers, AIME, v. 241, pp. 488-494. 1968. 

Brown, R. E., "A Mul t i -Layered F i n i t e  Element Model f o r  P r e d i c t i n g  Subsidence," 
PhD d i s s e r t a t i o n ,  Carnegie-Mellon Univ., P i t t sburgh,  PA, 1968. 

Dahl, H. D., "A F i n i t e  Element Model f o r  A n i s o t r o p i c  Y i e l d i n g  i n  Grav i ty  Loaded 
Rock," PhD d i s s e r t a t i o n ,  the  Penn. S t .  Univ., U n i v e r s i t y  Park, PA, 1969. 

Mojumdar, 8. K., "Mathematical Model o f  Ground Movement due t o  Underground 
Mining," PhD d i s s e r t a t i o n ,  the Penn. S t .  Univ., U n i v e r s i t y  Park, PA, 1974. 

K idyb insk i ,  A. and C. Babcock, "Stress D i s t r i b u t i o n  and Rock Frac ture  Zones i n  
the Roof of Longwall Face i n  a Coal Mine," Rock Mech., v. 5, pp. 1-19, 19731.1 

Kulhawy, F., " F i n i t e  Element Modeling C r i t e r i a  f o r  Underground Openings i n  Rock, 
in te rna t .  J. o f  Rock Mech. & Min. Sc i . ,  v. 11,  pp. 465-472, 1974. 

Kulhawy, F., "St ress and Displacements Around Openings i n  Homogeneous Rock," 
In te rna t .  J. o f  Rock Mech. & Min. Sci. ,  v. 12, pp. 43-57, 1975. 

Mahtab, M. and J. Dixon, " In f luence of Rock Fractures and Block Boundary 
Weakening on Cavab i l i t y . "  SOC. of Min. Engrs., AIME, v. 260, pp: 6-12. 1976. 

Shoemaker, H. D., L. Z.  Shuck, R. R. Haynes, and S. H. Advani," D i r e c t i o n a l  
V iscoe las t ic  P r o p e r t i e s  o f  the P i t t s b u r g h  Coal a t  E levated Temperatures 
i n  Compression and Shear," MERC/RI-76/5 (USERDA Rpt o f  Invest . ) ,  
August 1976, 198 pp. 

Baidyuk, B. V., "Mechanical Proper t ies  o f  Rocks a t  High Temperatures and 
Pressures," Gostoptekhizdat ,  Moscow, 1963 ( t r a n s l a t e d  by J. P. Fitzslmmons, 
Consultants Bureau, NY, 1967, 75 pp.). 

Morgans, W. T. A. and N. B. Terry ,  "Measurement o f  S t a t i c  and Dynamic E l a s t i c  
Moduli of Coal," Fuel, v. 37, A p r i l  1958, pp. 201-219. 

Advani, S. H., Y. T. L i n ,  V. Shah, and H. F. Wang, "S t ruc tura l  Mechanics and 
Model S imulat ions Associated w i t h  Underground Coal Gas i f i ca t ion , "  proc. 
Am. NUC. SOC. and ERDA Topica l  Mtg on Energy and Minera l  Resource,  
Recovery, 1977, i n  press. 

Berry, D. A. and T. W. Sales, "An E l a s t i c  Treatment o f  Ground Movement Due t o  

240 



I 62. Advani, 5 .  H. and Y .  T. L i n ,  "Subsidence and Roof Response Studies Related 
to Underground Coal Gas i f ica t ion ,"  proc. 3rd Annual Underground Coal 
Conversion Syrnp., Fa l len  Leaf Lake, C A ,  June 1977, I n  press. 

241 



Figure 1. Pittsbure Coal S p i m e n s a s  
Used in niaxlal ompression 
and Shear Experiments. 
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Figure 2. The Ultimate Stress and Strain-Temperature 
Curves Showing the Effect of Specimen Size 
of the Pittsburgh Coal When Loaded in Uni- 
axial Compression Normal to  the Bedding 
Planes. 

Figure 3. Ultimate Stress and Strain Curves as Func- 
tions of Tem erature for Pittsburgh Seam 
Overburden h e n  Loaded in Uniaxial 
Compression. The Bars on the Data Are 
f One Standard Denatlon. 
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Figure 4. StressStrain Curves Loaded in 
Uniaxial Compression Average 
Values) Showing the Eifect 
of Tern erature on the Pitts- 
burgh dbal. 

Figure 5. The Ultimate Stress and Strain-Temperature 
Curves Showin the Effect of Orientation 
of Loading in &ear on the Pittsburgh Coal. 
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Figure 6. The Ultimate Stress and Strain-Temperature 
Curves Showing the Effect of Orientation 
of Loading on the Pittsburgh Cod When 
Loaded in Uniaxial Compression. 
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Figure 7. Creep Compliance-Time Curves Showing the 'no'('1 

Effect of  the Orientation of Loading in 1rn'I,I 
Uniaxial Compression on the Pittsburgh 
coal. 

Figure 9a. The Master Model. 

Figure 8. Time-Tem erature Superposition Showin 
The Time Shift for the Pittsburgh Coal d e n  
Loaded in Shear. 

Figure 9b. Cavity with Moving Boundary (Section A) 
of the Master Model. 
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Figure LO. Young's Modulus for Dark Gray Shale 
as a Function of Temperature. 

Figure 9c. Computed Steady State Ten1 erature 
Distribution for the Master dadel. 
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Figure 11. Failure Zones Adjacent to Cavity for Different Time Instants. 

Figure 13. Surface Subsidence Profiles for Different 
Bum Configurations. 
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COMPARATIVE AUTO-OXIDATION STUDIES OF RAW ANI) RETORTED O I L  SHALE AND WESTERN C&ls 
Schmidt-Collerus, J.J., W.A. Schmeling, and J . W .  King, 2390 S. York, Denver, IC0 

80208. 

The imminent commercial s c a l e  product ion of s h a l e  o i l  from t h e  Green River O i l  
Shale  Formation may apply some r e t o r t i n g  processes  which w i l l  produce l a r g e  q u a n t i t i e s  
of carbonaceous r e t o r t e d  s h a l e  and w i l l  a l s o  r e q u i r e  l a r g e  s t o c k p i l e s  of crushed raw 
?hale  f o r  a cont inuous opera t ion .  From exper iences  i n  ongoing commercial s h a l e  o i l  
product ion (e.p. Estonia)  and previous commercial o r  p i l o t  p l a n t  o p e r a t i o n s  i t  i s  known 
t h a t  both t h e  raw s h a l e  and t h e  r e t o r t e d  carbonaceous s h a l e  a r e  l i a b l e  t o  auto-oxidat ion 
( s i m i l a r  t o  t h a t  of c o a l s )  which i n  some c a s e s  l e a d s  to s e l f - i g n i t i o n .  I n  o r d e r  t o  
e v a l u a t e  t h e  s e l f - h e a t i n g  l i a b i l i t y  o f  Green River O i l  Shale  and carbonaceous r e t o r t e d  
;ha le  therefrom, a comparat ive s tudy between r e t o r t e d  o i l  s h a l e  from v a r i o u s  above 
Around r e t o r t i n g  o p e r a t i o n s ,  non-retor ted o i l  s h a l e  and v a r i o u s  Western c o a l s  w a s  con- 
4ucted u t i l i z i n g  some methods used i n  determining s e l f - h e a t i n g  l i a b i l i t i e s  of c o a l s .  
rhe r e s u l t s  of t h i s  s tudy  w i l l  be presented  and p o s s i b l e  approaches for t h e  prevent ion 
of s e l f - h e a t i n g  w i l l  be  d iscussed .  
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STUDIES FOR DESIGN OF A SOLID WASTE MANAGEMENT PROGRAM * 
H. T .  Jones 

Div is ion  of  Coal Conversion, Department of Energy 
Washington, D . C .  

H. M. Brauns te in  and W. J. Boegly, Jr. 

Oak Ridge Nat ional  Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

Passage of t h e  Resource Conservation and Recovery A c t  (PL 94-580) i n  
October 1976 w i l l  have far-reaching consequences f o r  many sol id-waste  
producing i n d u s t r i e s  i n c l u d i n g  f u t u r e  c o a l  conversion f a c i l i t i e s .  Since 
l i t t l e  i s  known about t h e  p o t e n t i a l  environmental  problems from conver- 
s i o n  was tes ,  a s tudy  is under way t o  e v a l u a t e  l a n d f i l l  methods f o r  
d i s p o s a l  of  t h e s e  was tes .  Residues from p i l o t  p l a n t  and commercial 
processes  a r e  be ing  c h a r a c t e r i z e d  i n  a 3- t ie red  t e s t i n g  program which 
incorpora tes  i n i t i a l  l a b o r a t o r y  leaching  s t u d i e s ,  f i e l d - s c a l e  lys imeter  
t e s t i n g  and a f u l l - s c a l e  l a n d f i l l  experiment. The informat ion  w i l l  l ead  
t o  engineer ing des ign  o f  s a f e  economical sol id-waste  l a n d f i l l s  f o r  
demonstrat ion p l a n t s .  

INTRODUCTION 

In October 1976, t h e  U.S. Congress passed t h e  Resource Conservat ion and Recovery 
Act which provides  f o r  f e d e r a l  r e g u l a t i o n  of t h e  t rea tment  and d i s p o s a l  of  s o l i d  
wastes  t h a t  r e p r e s e n t  a danger  t o  t h e  environment o r  t o  h e a l t h .  This  Act i s  t o  
s o l i d  wastes what t h e  Clean A i r  A c t  Amendments of 1970 are t o  a i r b o r n e  wastes and 
t h e  Federa l  Water P o i l u t i o n  Cont ro l  A c t  Amendments of 1972 a r e  t o  waterborne wastes .  
Compliance wi th  t h i s  l a w  may have far-reaching consequences f o r  a l l  c o a l - u t i l i z i n g  
s y s t & s ,  e s p e c i a l l y  those  necessary  f o r  t h e  demonstrat ion of advanced f o s s i l  f u e l  
t echnologies .  S ince  near-commercial demonstrat ion of c o a l  conversion processes  i n  
t h e  p r i v a t e  s e c t o r  is  impor tan t  f o r  meeting our  n a t i o n a l  energy o b j e c t i v e s  and s i n c e  
t h e s e  technologies  produce a voluminous s o l i d  was te  wi th  components t h a t  may poss ib ly  
be c l a s s i f i e d  as hazardous,  a r e s e a r c h  program w a s  undertaken t o  determine whether a 
problem e x i s t s .  Management of t h e  wastes from demonstrat ion p l a n t s  can b e  an 
important  f a c t o r  i n  demonstrat ing both  t h e  environmental a c c e p t a b i l i t y  and economic 
f e a s i b i l i t y  of a given a l t e r n a t i v e .  

FOSSIL ENERGY DEMONSTRATION PROGRAM 

In order  t o  a p p r e c i a t e  t h e  r o l e  of environmental  performance i n  t h e  demonstra- 
t i o n  of advanced f o s s i l  energy technologies ,  i t  is h e l p f u l  t o  understand t h e  program's 
o b j e c t i v e s ,  s t r a t e g y ,  and s t r u c t u r e .  
t i o n  program a r e  shown i n  F i g .  1. 

The o b j e c t i v e s  of t h e  f o s s i l  energy demonstra- 

* 
Research sponsored by t h e  Department of Energy under 
c o n t r a c t  wi th  t h e  Union Carbide Corporation. 
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Environmentally, demonstration plants are unlike pilot plants. The latter are 
normally concerned only with process development whereas a demonstration plant has 
many areas of concern. The industrial partner in a demonstration project must show 
that his process is economically feasible, technically sound, and environmentally 
acceptable on a near-commercial scale. 
technology, he must keep abreast of ever-changing environmental obligations. 
must meet the NEPA requirement; he must address New Source Performance Standards; 
and he must remain alert to new regulations stemming from the Resource Conservation 
and Recovery Act. 

Not only is he challenged by an emerging 
He 

Figure 2 is a list of current planned demonstration plants. 

In recognition of and to help alleviate the stresses, the government stands 
ready to support the early phases of demonstration with ample guidance to the indus- 
trial partner and with necessary research to develop information needed to respond 
quickly to crucial questions. The research discussed in this paper was an outgrowth 
of this information need. 

THE SOLID WASTE PROBLEM 

It was recognized even before enactment of the Resource Conservation and 
Recovery Act that solid wastes from coal conversion had the potential for causing 
adverse environmental impacts. 
all wastes from coal conversion facilities will be solid wastes. Air and water 
quality are closely regulated. 
discharge into these media,. Consequently, air and water emissions will need to be 
converted into solids (Fig. 3 ) .  Thus, what would have been an air and water emis- 
sions problem becomes a solid-waste land-disposal problem. 

What may not have been recognized was that virtually 

This means little if any waste will be allowed 

Figure 4 shows the solid wastes associated with some of the unit operations in 
a gasification process stream. 
and potentials for environmental effects. 
directed at the wastes that are unique to coal conversion, those in the dashed 
circles. Our aim is to identify possible contaminants, to isolate the process 
parameters with which they are associated and to produce engineering designs that 
incorporate effective treatment or control schemes. By studying processes in opera- 
tion, and by examining the wastes they produce, we plan to develop information about 
the environmental consequences of land disposal of coal conversion solid wastes. 

These cover a wide variety of materials, properties, 
The studies to be discussed are presently 

LANDFILL DISPOSAL 

Solid wastes from conversion processes must be disposed of .  A plant processing 
3000 tpd of coal with a 10% ash content will require disposal facilities for at 
least 300 tpd of solids. 
But little is known about landfilling of coal conversion wastes, and data from 
landfilling of other wastes indicate the possibilities for environmental disruption 
(Fig. 5). 

Landfilling is a readily available disposal technique. 

Although surface runoff can transport contaminants, the primary environmental 
impact from a landfill would occur by transport of precipitation-generated waste 
leachate into groundwater through the subsoil. It is not yet known whether leachate 
from coal conversion wastes will be a problem, but in the event that it is, control 
of subsurface movement of the leachate will be the best means for protecting the 
groundwater. 
identifying and utilizing their absorption and exchange properties, we hope to come 
up with an effective economical landfill design. 

By studying the soils that comprise this subsurface environment, by 
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WASTE MANAGEMENT RESEARCH 

The problem is  be ing  i n v e s t i g a t e d  a t  t h e  Oak Ridge Nat iona l  Laboratory as p a r t  
of  an ongoing s tudy  now i n  i t s  second year .  The f i r s t  segment of the  program was t o  
draw toge ther  a wide v a r i e t y  of r e l e v a n t  information,  t o  a s s e s s  t h a t  in format ion  and 
t o  provide  an environmental  source  book on s o l i d  waste d i s p o s a l  a s  i t  bears  on  c o a l  
conversion.  The document addresses  t h e  environmental, e c o l o g i c a l  and b i o l o g i c a l  
a s p e c t s  of  coal  conversion s o l i d  wastes. It w a s  concluded t h a t  d e f i n i t i v e  s t u d i e s  
were needed i f  t h e  wastes were t o  be  depos i ted  s a f e l y ,  economically, and permanently 
by l a n d f i l l i n g .  The exper imenta l  s tudy ,  which i s  the main s u b j e c t  of t h i s  paper ,  
w a s  undertaken t o  address  t h i s  need. 

OBJECTIVES 

To meet t h e  o b j e c t i v e  of t h e  program, which is t o  develop engineer ing des igns  
f o r  s a f e  economical d i s p o s a l  of conversion s o l i d  wastes from demonstrat ion p l a n t s ,  
t h e  p r o j e c t  i s  s t r u c t u r e d  around a real-world s i t u a t i o n .  Process  wastes w i l l  be 
obta ined  from p i l o t  and commercial p l a n t s  and they6wi l l  be examined i n  a n a t u r a l  
s e t t i n g ,  i n  contac t  w i t h  normal s o i l s  e s p e c i a l l y  those  from demonstrat ion sites. 
Process  wastes t o  be  s t u d i e d  inc lude :  (1) Slagging Lurgi ,  ( 2 )  COGAS, ( 3 )  HYGAS, ( 4 )  
CO2 Acceptor ,  ( 5 )  Synthane, (6) BI-GAS, (7 )  B a t t e l l e  Agglomerating Burner, and (8) 
WestinghouselWalz M i l l s .  

SCOPE 

The program i n c o r p o r a t e s  t h r e e  main l e v e l s  of t e s t i n g  (Fig. 6 ) .  Each level of 
d a t a  c o l l e c t i o n  w i l l  s u p p o r t  t h e  next  such t h a t  a s  in format ion  accumulates i t  should 
b e  p o s s i b l e  to  e v a l u a t e  and p r e d i c t  n o t  on ly  t h e  short- term but  a l s o  t h e  long-term 
behavior  of buried wastes. 

METHODS 

Laboratory s t u d i e s  

For coa l  conversion wastes, l a b o r a t o r y  experiments  are e s p e c i a l l y  important .  
Not on ly  i s  the  composition of t h e  wastes v a r i a b l e  and process  r e l a t e d ,  they conta in  
a n  abundance and wide v a r i e t y  of trace element and organic  materials. Also, s i n c e  
l i t t l e  i s  known about t h e i r  l eaching  behavior ,  c o n t r o l l e d  l a b o r a t o r y  leaching  s t u d i e s  
are needed t o  i d e n t i f y  t h e  e f f l u e n t s  f o r  t h e  more comprehensive s u r r o g a t e  l a n d f i l l  
s t u d i e s .  

S o l i d s  c h a r a c t e r i z a t i o n .  Each r e s i d u e  w i l l  be  c h a r a c t e r i z e d  p h y s i c a l l y  and 
chemical ly  and t h e  p r o p e r t i e s  w i l l  b e  compared wi th  those  of t h e  feed  c o a l  from 
which i t  was der ived.  P r o p e r t i e s  such as s o l u b i l i t y ,  d e n s i t y ,  p o r o s i t y ,  compac- 
t i b i l i t y  and p a r t i c l e  s i z e  d i s t r i b u t i o n  w i l l  be  determined. 
t h e  s o l i d s  w i l l  inc lude  major  components, t r a c e  elements and organic  conten t ,  i f  
any. 
and chemical  p r o p e r t i e s  w i t h  those  of t h e  process-der ived res idues .  

Chemical ana lyses  of 

Coals w i l l  be  ashed under s tandard  l a b o r a t o r y  condi t ions  t o  compare t h e  p h y s i c a l  

S o i l s  c h a r a c t e r i z a t i o n .  S o i l s  can a c t  as a l a r g e  i n t e r a c t i v e  medium f o r  many 
t o x i c  leacha te  e f f l u e n t s  which can b e  e i t h e r  absorbed o r  p r e c i p i t a t e d  by s o i l  com- 
ponents .  Like c o a l ,  t h e  p h y s i c a l ,  chemical and minera logica l  composition of s o i l  
v a r i e s  widely and consequent ly  i t s  c a p a c i t y  t o  r e t a i n  t o x i c  e f f l u e n t s  v a r i e s  a l s o .  
S o i l s  w i l l  be c h a r a c t e r i z e d  f o r  t h e i r  pH, b u f f e r  c a p a c i t y ,  ion-exchange capac i ty ,  
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lime equivalent, and mineralogical composition. The absorption - desorption 
behavior of soils will be examined with the aim of characterizing the persistence Of 
leachate components in a landfill environment. 

Batch leaching tests. Leaching under laboratory conditions will be conducted 
both in the batch mode and by use of leaching columns. 
trace elements and organic compounds. 
ates natural flooding conditions or submergence of landfill materials as when 
mounding of a shallow groundwater table occurs. 
will indicate not only the inherent solubilities of trace substances in the wastes, 
but varying the pH of the effluent will provide data on waste behavior under neutral, 
dilute acidic or dilute alkali conditions. 
mixtures of residues with soils to determine the direct effect of soils of leachate 
quality. 

Emphasis will be on eluting 
Batch sampling is fast and simple. 

Analyses of the batch effluents 

It simul- 

Batch leaching will be examined also for 

Column leaching tests. Leaching in columns (Fig. 7 )  allows control of condi- 
tions to more closely simulate the natural movement of soluble constituents. 
apparatus is simple, quickly assembled, and gives readily reproducible results. The 
leaching solution will be varied between weakly acidic and weakly alkaline, and 
fractions will be collected as functions of time and volume throughput. Samples, 
which will be compared with background-level blanks, will be analyzed by suitable 
methods to obtain accurate qualitative and quantitative characterization of the 
constituents. Multielement methods such as neutron activation analysis, atomic 
absorption spectrometry and isotope dilution mass spectrometry will be examined. 
indicated, organic materials will be separated chromatographically and analyzed by 
mass spectrometry. 
representative soil and residue combinations. 

The 

If 

As with the batch tests, column leaching will be performed using 

Standardization of procedures. Standard leaching procedures have not been 
established for coal conversion wastes. Therefore, while collecting leaching data, 
methods will be studied with the aim of recommending standard procedures. 
leaching behavior of waste materials depends not only on the nature of the wastes 
but also on soil type and constitution, these considerations will be incorporated in 
the recommended protocols. 

Since 

Field-scale lysimeter studies 

As soon as laboratory experiments are well under way, field studies will be 
initiated. Field-size lysimeters have been used in conventional sanitary landfill 
studies as well as for examining burial ground behavior of radioactive solid wastes. 
Figure 8 shows the typical lysimeter which will be exposed to natural weather con- 
ditions during field studies. 

Use of field-scale lysimeters as a transition between laboratory and 
demonstration-size experiments has several advantages. They: 

(1) require less waste 

(2) prevent leachate escape 

(3)  eliminate wall effects, and 

( 4 )  cost less. 

Whereas the lysimeters will be large enough to prevent wall effects, the amount of 
waste needed to simulate a loaded landfill is orders of magnitude less than a normal 
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b u r i a l  s i te.  Nonetheless ,  l a r g e  volumes of l e a c h a t e  can b e  generated and c o l l e c t e d  
wi thout  r i s k i n g  d i s c h a r g e  of l e a c h a t e  t o  t h e  environment. But t h e  primary advantage 
is t h e  smal l  c a p i t a l  inves tment  n o t  on ly  f o r  t h e  d a t a  obta ined  b u t  f o r  t h e  experien- 
t i a l  information needed t o  e s t a b l i s h  des ign  c r i t e r i a  f o r  t h e  l a n d f i l l  b u r i a l  s t u d i e s .  

The lys imeters  w i 1 . l  be  loaded wi th  s o i l  and waste  t o  s imula te  a v e r t i c a l  c r o s s  
s e c t i o n  of a l a n d f i l l  t r e n c h ,  and w i l l  be designed t o  prevent  escape of l e a c h a t e  
i n t o  t h e  environment. 
t o  determine t h e  e x t e n t  of trace element and organic  compound a t t e n u a t i o n .  
methods, developed dur ing  t h e  l a b o r a t o r y  phase, w i l l  be appl ied  t o  both t h e  s o l i d s  
and leacha tes .  

Both s o i l  and l e a c h a t e  w i l l  be  sampled f r e q u e n t l y  and analyzed 
Analy t ica l  

A s  a f i r s t  s t e p  toward p r e d i c t i n g  long-term e f f e c t s ,  d a t a  gathered during t h e  
l y s i m e t e r  phase w i l l  b e  used t o  test and modify in-house t r a n s p o r t  models f o r  sub- 
strate behavior of t r a c e  contaminants .  
e s t a b l i s h i n g  t h e  f i e l d  b u r i a l  s t u d i e s .  Modeling s t u d i e s  are a n  ongoing a c t i v i t y  a t  
ORNL having been i n i t i a t e d  t o  c h a r a c t e r i z e  movements of low-level  r a d i o a c t i v e  wastes 
from b u r i a l  grounds. 

Resul t s  w i l l  be used i n  des igning  and 

L a n d f i l l  b u r i a l  s t u d i e s  

Curren t ly ,  d i s p o s a l  of  c o a l  conversion s o l i d  wastes i s  assumed t o  be  performed 
us ing  l a n d f i l l  methods s i m i l a r  t o  t h o s e  used f o r  convent ional  municipal  o r  indus- 
t r i a l  s o l i d  wastes. R e s u l t s  of t h e  labora tory-  and f i e l d - s c a l e  lys imeter  t e s t s  when 
completed, w i l l  i n d i c a t e  whether  t h i s  convent ional  method of s o l i d  waste d i s p o s a l  
w i l l  b e  environmental ly  a c c e p t a b l e  o r  whether unconvent ional  des igns  w i l l  be requi red  
f o r  d i s p o s a l  a t  convers ion  f a c i l i t i e s .  

B u r i a l  s t u d i e s  w i l l  be  conducted a t  t h e  demonstrat ion s i te .  L a n d f i l l  designs,  
developed dur ing  t h e  l y s i m e t e r  s t a g e  of the  program, w i l l  be implemented i n  f u l l -  
s c a l e  f i e l d  s t u d i e s  a f t e r  c h a r a c t e r i z i n g  the  subsur face  hydrogeology of t h e  proposed 
b u r i a l  a rea .  A moni tor ing  p l a n  w i l l  be e s t a b l i s h e d  a t  t h e  l a n d f i l l  s i t e  t o  sample 
both  t h e  l a n d f i l l  and s u b s u r f a c e  s o i l s ,  and t o  monitor groundwater movement and 
q u a l i t y .  
bo th  t h e  s i t e  and t h e  moni tor ing  p lan .  

Data obta ined  from t h e  pre l iminary  modeling s t u d i e s  w i l l  he lp  e s t a b l i s h  

Ful l - sca le  modeling s t u d i e s  w i l l  be  conducted concurren t ly  with t h e  b u r i a l  
work. 
long-dis tance environmental  impacts. 
are found t o  occur  not only  20 t o  30 y e a r s  a f t e r  b u r i a l  b u t  o f t e n  long d i s t a n c e s  
from t h e  b u r i a l  s i te.  
components of t r a c e  contaminant  mobi l iza t ion .  The movement of Contaminants w i l l  b e  
descr ibed  i n  terms of hydrogeologic  parameters  such as subsur face  l i t h o l o g y ,  minera l  
c o n s t i t u e n t s ,  t e x t u r e  and s t r a t i g r a p h i c  s t r u c t u r e ,  and a q u i f e r  geometr ica l  p r o p e r t i e s .  
Scenar ios  f o r  t r a n s p o r t  w i l l  be  developed and t e s t e d  us ing  d a t a  c o l l e c t e d  i n  t h e  
f i e l d  monitoring opera t ions .  

The r a t i o n a l e  f o r  modeling comes from t h e  need t o  p r e d i c t  p o s s i b l e  long-term, 
Most i n c i d e n t s  of groundwater contaminat ion 

Mathematical models s imula te  both t h e  s p a t i a l  and temporal 

A s  ind ica ted  by t h e  exper imenta l  r e s u l t s ,  m i t i g a t i n g  measures w i l l  be  developed 
t o  be commensurate w i t h  b o t h  t h e  p r o b a b i l i t y  of escape of contaminants and wi th  t h e  
estimated r i s k  a s s o c i a t e d  w i t h  t h e i r  p o s s i b l e  escape.  

Research on t h i s  program has  been ongoing f o r  t h e  p a s t  year  and a h a l f .  The 
s t a t u s  of the  experimental  s t u d i e s  w i l l  be d iscussed  and r e s u l t s  of d a t a  c o l l e c t e d  
dur ing  t h i s  per iod  w i l l  b e  presented .  
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SLAGGING LURGI 

ORN L-DWG 77-21325 

CONOCO COAL DEVLOPMENTCO. 

DEMONSTRATION PROGRAM OBJECTIVES 

0 TO INDICATE TECHNICAL AND ECONOMIC VIABILITY OF 
NEAR-COMMERCIAL SCALE PROCESSES 

0 TO SPREAD THE DEMONSTRATED TECHNOLOGY 
QUICKLY TO PRIVATE INDUSTRY 

ING PARTIAL FUNDING TO MINIMIZE THE RISK 
0 TO ENCOURAGE INDUSTRY PARTICIPATION BY PROVID- 

0 TO VERIFY THE ENVIRONMENTAL ACCEPTABILITY OF 
PROCESSES PRIOR TO FULL-SCALE COMMERCIALIZATION 

Fig. 1. Demonstration program objectives. 

AIR 

ORNL-OWG 77-21324 
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DEMONSTRATION PLANTS 

WATER DISSOLVED MINERALS PRECIPITATESOR SOLIDIFIED LANDFILL 
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TEXACO GASIFIER IFOR NH31 

U GAS 

WOODAL-DUCKHAM 
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MEMPHIS, LIGHT, GAS, AND WATER 

ERIE  MINING 

(DESIGN PHASE ONLY1 
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SLAG OR BOTTOM ASH SOLIDS 
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Fig. 2. Demonstration plants 

ORNL-DWG 77-21323 

Fig. 3. Examples of emissions @isposition. 
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SPOILS WASHWATER 
L A N 0  DEBRIS ROCK, DEBRIS REFUSE FGD SLUDGE 

F H F t - ]  k/ PRODUCTIONS UTILITIES 

Fig. 4.  Waste solids produced in a gasification facility. 

I I ORNL DWG 77-14942 
R.ripil.lia 

I ; i r  

Fig. 5. Leachate formation and movement. Source: D. R. Brunner 
and D. S. Keller, "Sanitary landfill design and operation," EPA SW-65ts, 
1972. 
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ORNL-DWG 17.21321 

LEVEL I 
CHARACTER I ZE 

LABORATORY 

COAL 

D A  TA 

FIELO-SCALE 
LYSIMETER 

EVALUATE 

LEVEL II 
EVALUATE 

LEVEL 111 
PREDICT 

LEACHATE 

ATTENUATION 

TO 

STUDIES 

PREDICT 

ATTENUATION GROUNDWATER 
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F i g .  6 .  Tiered approach of the  ORNL Experimental L a n d f i l l  
Program. 
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Fig. 7. Typical constant-water-head leaching column. 
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E S - 4 2 4 5  

P L A N  V I E W  E L E V A T I O N  

NOTES: 
1. MATERIALS OF CONSTRUCTION - FIBERGLASS, PVC, 

OR ALUMINUM 
2. SAMPLING MAINLY AT BOTTOM; SOME CYSlMETE,RS 

WITH SAMPLING POINTS AT VARIOUS DEPTHS 
3. RELYING ON NATURAL RAINFALL WHEN POSSIBLE 
4. PLACED ABOVEGROUND INSTEAD OF UNDERGROUND 

TOSIMPLIFY SAMPLING AND TO REDUCE COSTS 

F i g .  8. Typical lysimeter. 
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EXPANDED COAL PRODUCTION 
ENVIRONMENTAL IMPLICATIONS AND POLICY CONSIDERATIONS 

M.T. El-Ashry 

Environmental  Defense Fund 
1657 Pennsylvania  S t r e e t ,  Denver, Colorado 80203 

INTRODUCTION 

Coal i s  c o n s i d e r e d  one of  t h e  m o s t  v a l u a b l e  n a t u r a l  r e s o u r c e s  i n  
t h e  United S t a t e s .  C o a l  p r o d u c t i o n  i n  1976 amounted t o  665 m i l l i o n  
t o n s ,  and a t  such r a t e  o f  product ion  it could  l a s t  f o r  300 y e a r s  o r  
more. 

The e a r l i e s t  r e c o r d  of  p r o d u c t i o n  i n  t h e  U.S. w a s  i n  1 8 2 0  when 
3,000 t o n s  of c o a l  w e r e  produced. By comparison,  t o t a l  c o a l  produc- 
t i o n  i n  1976 was 665 m i l l i o n  t o n s ,  a b o u t  56% of  which w e r e  produced 
by s u r f a c e  mining methods ( F i g u r e  1). During t h e  p e r i o d  from 1939 t o  
1969, c o a l  p r o d u c t i o n  from underground mines d e c l i n e d  by a b o u t  3% 
from 357 m i l l i o n  t o n s  t o  347 m i l l i o n  t o n s ,  whereas  coal from s u r f a c e  
mines i n c r e a s e d  by 413%, from 38 m i l l i o n  t o n s  i n  1939 t o  1 9 5  m i l l i o n  
t o n s  i n  1969. 

The e lec t r ic  u t i l i t i e s  are t h e  major  u s e r s  o f  coal i n  t h e  U.S. 
The U . S .  Bureau of  Mines (1) r e p o r t s  t h a t  390 m i l l i o n  t o n s  o f  coal 
( a b o u t  65% of  t h e  t o t a l  p r o d u c t i o n )  w e r e  burned i n  e lec t r ic  power 
p l a n t s  i n  1974 and t h e  t r e n d  f o r  coal u s e  by u t i l i t i e s  i s  p r o j e c t e d  
t o  increase t o  800 m i l l i o n  tons  i n  1985 ( 2 ) .  

I n  A p r i l  1977, P r e s i d e n t  Car te r  announced h i s  N a t i o n a l  Energy 
Plan  w i t h  s p e c i f i c  p r o p o s a l s  aimed a t  s o l v i n g  t h e  n a t i o n ' s  e n e r g y  
problems.  I n  o r d e r  t o  reduce  U.S. dependence on o i l  i m p o r t s ,  one o f  
t h e  major  p r o p o s a l s  of t h e  Nat iona l  Energy P l a n  i s  t o  i n c r e a s e  c o a l  
p r o d u c t i o n  t o  1 ,265  m i l l i o n  t o n s  i n  1985,  an i n c r e a s e  o f  90% o v e r  
1976 l e v e l .  Long-range p l a n s  of  t h e  c o a l  i n d u s t r y ,  w i t h o u t  t h e  new 
p l a n ,  c a l l  f o r  an i n c r e a s e  i n  c o a l  p r o d u c t i o n  t o  a b o u t  1 ,040  m i l l i o n  
t o n s  by 1985, about  t w o - t h i r d s  o f  which would be mined i n  the  E a s t  
and a b o u t  o n e - t h i r d  i n  t h e  W e s t  ( F i g u r e  2 ) .  C l e a r l y ,  t h e  major  ex- 
pans ion  i n  p r o d u c t i o n  w i l l  occur  i n  t h e  West, i n c r e a s i n g , b y  f o u r f o l d  
from 92 m i l l i o n  t o n s  i n  1974 t o  a b o u t  380 m i l l i o n  t o n s  i n  1985. T h e  
N a t i o n a l  Energy P l a n ,  on t h e  o t h e r  hand,  proposes  t o  reduce  t h e  s h a r e  
o f  t o t a l  p roduct ion  t o  be mined i n  t h e  W e s t  and i n c r e a s e  t h e  s h a r e  
t h a t  w i l l  be  mined i n  t h e  E a s t .  I n  both  p l a n s , ' h o w e v e r ,  new develop-  
ments f o r  meet ing p r o d u c t i o n  g o a l s  w i l l  be c o n c e n t r a t e d  i n  s u r f a c e  
mining o p e r a t i o n s ,  amounting t o  o v e r  75% of  t h e  new f a c i l i t i e s  ( 3 ) .  

Coal  mining and c o a l  convers ion  have s i g n i f i c a n t  impacts  on t h e  
environment  o f  a r e g i o n ,  some of  them a r e  i r r e v e r s i b l e  and permanent. 
They i n c l u d e  a d v e r s e  impacts  on: water q u a l i t y  and q u a n t i t y ,  topog- 
raphy,  s o i l  e r o s i o n ,  s u r f a c e  subs idence ,  l and  u s e ,  l a n d s c a p e  aes- 
t h e t i c s ,  a i r  p o l l u t i o n  and a s s o c i a t e d  h e a l t h  e f f e c t s ,  as w e l l  as 
social  and economic impacts .  Some o f  t h e s e  impacts  are n o t  p r e s e n t l y  
r e g u l a t e d .  

ENVIRONMENTAL IMPACTS O F  SURFACE COAL M I N I N G  

Water Q u a l i t y  

d r a i n a g e  which a f f e c t s  water q u a l i t y  by lowering pH, i n c r e a s i n g  t o t a l  
D e t e r i o r a t i o n  o f  water q u a l i t y  r e s u l t s  mainly from a c i d  mine 
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d i s s o l v e d  s o l i d s  and adding  u n d e s i r a b l e  amounts of heavy m e t a l s  and 
s u l f a t e s  ( 4 ,  5 ) .  Table  1 l i s t s  some examples of a c i d  mine d r a i n a g e  
from s u r f a c e  c o a l  mines i n  f o u r  r e g i o n s .  

Table  1 
Examples of  Mine Drainage 

From S u r f a c e  Coal Mines ( A f t e r :  H i l l  ( 6 ) )  

Southwes tern  Western S o u t h e a s t e r n  Northern 

PH 5.7 3 . 2  2.7 3.0 
A c i d i t y ,  mg/l 0 152 1,620 870 

Hardness ,  mg/l 1 , 7 8 0  - - - 
I r o n ,  mg/l 0 .4  9.4 1 3 0  1 5  

I n d i a n a  Pennsylvania  I l l i n o i s  West V i r g i n i a  

A l k a l i n i t y ,  mg/l 170 0 0 0 

S u l f a t e ,  mg/l 850 499 - 1 , 7 4 2  
C h l o r i d e ,  mg/l 7 - - - 
Manganese, mg/l 7.8 - - - 
Calcium, mg/l 328 - - - 
Aluminum, mg/l 6 0  

P o l l u t i o n  by a c i d  mine d r a i n a g e  i n c r e a s e s  t h e  c o s t  of  water  
t r e a t m e n t ,  d e s t r o y s  a q u a t i c  l i f e  ( 7 ) ,  i n h i b i t s  t h e  use  of  waterways 
f o r  r e c r e a t i o n  and d e c r e a s e s  a e s t h e t i c  v a l u e s .  The major problems of  
a c i d  mine d r a i n a g e  o c c u r  i n  t h e  a n t h r a c i t e  and bi tuminous c o a l  re- 
g i o n s  i n  Appalachia .  I n  1964, t h e  U.S. F i s h  and W i l d l i f e  S e r v i c e  re- 
p o r t e d  t h a t  a c i d  mine d r a i n a g e  a d v e r s e l y  a f f e c t e d  5,890 m i l e s  of 
streams and 14 ,967  acres of impoundments i n  20 s t a t e s  ( 7 ) .  Of t h e  
t o t a l  a f f e c t e d  w a t e r s ,  c o a l  mining o p e r a t i o n s  accounted f o r  97% of 
t h e  AMD p o l l u t i o n  r e p o r t e d  f o r  streams and 93% of  t h a t  r e p o r t e d  f o r  
impoundments. I n  1970 ,  more than  1 2 , 0 0 0  m i l e s  o f  s t r e a m s  i n  t h e  U . S .  
w e r e  s i g n i f i c a n t l y  degraded  by mining r e l a t e d  p o l l u t i o n  ( 8 ) .  Of 
t h e s e ,  10,516 m i l e s  or  approximate ly  88% were l o c a t e d  i n  Appalachia .  

- - - 

Western c o a l ,  g e n e r a l l y ,  c o n t a i n s  l i t t l e  p y r i t e  and t h e  stream 
waters and so i l s ,  i n  t h e  West, a r e  o f t e n  h i g h l y  a l k a l i n e  r e s u l t i n g  i n  
t h a t  a c i d  mine d r a i n a g e  i s  n o t  a s  g r e a t  a problem as  it i s  i n  t h e  
E a s t .  However, h i g h  d i s s o l v e d  s o l i d s  c o n t e n t  and heavy metals remain 
a problem r e s u l t i n g  i n  a d v e r s e  impacts  on t h e  b e n e f i c i a l  use  of water 
i n  t h e  West, s p e c i a l l y  on a g r i c u l t u r e .  I n  a d d i t i o n ,  s h a l e s  o v e r l y i n g  
Paleocene c o a l s  i n  t h e  Nor thern  Great  P l a i n s  may c o n t a i n  between 300- 
500 ppm t o t a l  n i t r o g e n  which could  c a u s e  a b u i l d u p  of n i t r a t e  i n  s u r -  
f a c e  and ground w a t e r  around r e f u s e  p i l e s  ( 9 ) .  

Another a s p e c t  o f  stream p o l l u t i o n  i n v o l v e s  i n c r e a s e d  sediment  
l o a d s  r e s u l t i n g  from d e s t r u c t i o n  of v e g e t a t i v e  c o v e r s ,  s t e e p  s l o p e s ,  
d i s r u p t i o n  of s o i l  s t r u c t u r e  and compaction which i n c r e a s e s  e r o s i o n  
p o t e n t i a l ,  and f r o m  r e f u s e  and c o a l  s t o r a g e  p i l e s .  Sediment y i e l d s  of 
as  much a s  1 , 0 0 0  t i m e s  t h e i r  former l e v e l s  have been r e p o r t e d  from 
s u r f a c e  mined r e g i o n s  i n  Kentucky (10). 

P l a n ,  i s  expec ted  to  r e s u l t  i n  an i n c r e a s e  of  107% f o r  t o t a l  d i s -  
s o l v e d  s o l i d s  i n  t h e  n a t i o n ' s  w a t e r s  by t h e  y e a r  2000 o v e r  t h e i r  1975 
l e v e l s  (11). Runoff from c o a l  mining o p e r a t i o n s  is p r o j e c t e d  t o  ac- 
c o u n t  f o r  3 0 %  of  d i s s o l v e d  s o l i d s  r e l e a s e s  i n  2 0 0 0 .  I n  t h e  semi-ar id  
W e s t ,  t o t a l  d i s s o l v e d  s o l i d s  from c o a l  e x t r a c t i o n ,  c l e a n i n g  and con- 
v e r s i o n  a r e  e x p e c t e d  to  i n c r e a s e  f i v e f o l d  i n  t h e  same 25-year p e r i o d .  

Increased  coal p r o d u c t i o n ,  as proposed i n  t h e  N a t i o n a l  Energy 
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Water Q u a n t i t y  

Surface  streams are a f f e c t e d  through decreased  s u r f a c e  r u n o f f  
th rough d i v e r s i o n s  and seepage.  I n  t h e  semi-ar id  West, most streams 
are i n t e r m i t t e n t  o r  have v e r y  l i t t l e  f low d u r i n g  d r y  s e a s o n s .  Accord- 
i n g l y ,  t h e r e  i s  l i t t l e  stream flow a v a i l a b l e  f o r  d i l u t i o n  o f  mine 
d r a i n a g e .  Heavy sediment  l o a d s  d u r i n g  p e r i o d s  of  h igh  f low can have 
a d v e r s e  e f f e c t s  on i m p o r t a n t  a q u i f e r s  downstream from a s t r i p p i n g  
o p e r a t i o n .  F i n e  s i l t  and c l a y  from r e f u s e  p i l e s  can r e s u l t  i n  s u r -  
f a c e  s e a l i n g  and r e d u c t i o n  o f  t h e  i n f i l t r a t i o n  c a p a c i t y  of  t h e  s o i l s .  

Sur face  mining o p e r a t i o n s  may d i s r u p t  groundwater f l o w  p a t t e r n s  
as w e l l  as n a t u r a l  r e c h a r g e  a r e a s .  I n  some c a s e s  a c o a l  seam a c t s  a s  
an a q u i f e r  t h a t  can be d r a i n e d  by t h e  mining a c t i v i t y  (12.). Accord- 
i n g l y ,  groundwater s u p p l i e s  above and below t h e  c u t  may be d e p l e t e d  
t e m p o r a r i l y  or permanent ly  ( F i g u r e  3 ) .  I n  the W e s t ,  a l l u v i a l  a q u i -  
f e r s  a r e  an i m p o r t a n t  s o u r c e  f o r  i r r i g a t i o n  w a t e r .  I n  a d d i t i o n ,  
sha l low a l l u v i a l  a q u i f e r s  s e r v e  t o  b u f f e r  s e a s o n a l  f l u c t u a t i o n s  i n  
s u r f a c e  runoff  and reduce  f l o o d  peaks  through bank s t o r a g e .  

Mine l o c a t i o n  r e l a t i v e  t o  a q u i f e r s  could  p l a y  a major role  i n  
minimizing t h e  impacts  o f  a s u r f a c e  mine o r  ground w a t e r  r e s o u r c e s  
( 1 3 ) .  F i g u r e  4 shows t h a t  t h e  mine l o c a t e d  a t  t h e  l e f t  w i l l  cause  
both  l o c a l  and r e g i o n a l  e f f e c t s  on t h e  water  r e s o u r c e  w h i l e  l o c a t i n g  
t h e  mine a t  t h e  o u t c r o p  of  an a q u i f e r  (mine l o c a t i o n  a t  t h e  r i g h t )  
w i l l  have o n l y  l o c a l  impacts  on ground water .  

I n  addi . t ion t o  t h e  e f f e c t s  on s u r f a c e  and ground w a t e r  r e s o u r c e s ,  
s u r f a c e  mining o f  w e s t e r n  coal would a l s o  i n t e n s i f y  e x i s t i n g  demand 
and compet i t ion  f o r  s c a r c e  w a t e r  r e s o u r c e s .  P o t e n t i a l  problems i n -  
c l u d e  water  d e p l e t i o n  f o r  s u r f a c e  r e c l a m a t i o n  and f o r  r a p i d  i n c r e a s e  
i n  p o p u l a t i o n .  

Topography 

t h e  c r e a t i o n  of  new ones a s  w e l l  a s  by i n c r e a s e d  s l o p e  a n g l e s .  
Mois ture-ca tch ing  d e p r e s s i o n s  and p i t s  i n c r e a s e  t h e  p o t e n t i a l  o f  a c i d  
mine d r a i n a g e  p r o d u c t i o n  i n  t h e  E a s t  and may cause  s u r f a c e  accumula- 
t i o n  of  s a l t  i n  t h e  West. I t  should  a l s o  be mentioned t h a t  a c t i o n s  
which change t h e  topography of  an a r e a  a l s o  i n f l u e n c e  t h e  s u r f a c e  and 
s u b s u r f a c e  d r a i n a g e  p a t t e r n s  of t h a t  a r e a .  I n  t h e  Wilkes-Barre a r e a  
i n  t h e  Northern A n t h r a c i t e  F i e l d  of  n o r t h e a s t e r n  Pennsylvania ,  s u r -  
f a c e  mining a long  t h e  r i d g e s  on both  s i d e s  of  t h e  Wyoming V a l l e y  w i t h  
i t s  a t t e n d a n t  unreclaimed p i t s  t h a t  c o n t i n u a l l y  c o l l e c t  w a t e r  from 
p r e c i p i t a t i o n  and from upward movement of  ground water  have r e s u l t e d  
i n  a r ise i n  t h e  ground w a t e r  t a b l e  i n  t h e  v a l l e y  f l o o r  c a u s i n g  base- 
ment f l o o d i n g  i n  many homes. 

A i r  P o l l u t i o n  

form of  a i r b o r n e  p a r t i c u l a t e  m a t t e r  from s i l t  ponds and r e f u s e  banks,  
and g a s e s  from culm ( r e f u s e )  bank f i r e s .  The most t o x i c  g a s e s  a r e  
carbon monoxide (CO) , carbon d i o x i d e  ( C O z ) ,  hydrogen s u l f i d e  ( H 2 S ) ,  
s u l f u r e  d i o x i d e  ( S O 2 ) ,  and ammonia (14). These g a s e s  i n  a d d i t i o n  t o  
smoke and minute  d u s t  p a r t i c l e s  have i n  many i n s t a n c e s  proven f a t a l  
t o  v e g e t a t i o n ,  a h e a l t h  hazard  t o  humans, and caused d e t e r i o r a t i o n  of 
sur rounding  b u i l d i n g s  and s t r u c t u r e s .  

Topography i s  modi f ied  by t h e  e l i m i n a t i o n  of  o l d  landforms and 

A i r  p o l l u t i o n  as a r e s u l t  o f  s u r f a c e  mining i s  p r i m a r i l y  i n  t h e  
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I n  1968, t h e  U . S .  Bureau o f  Mines r e p o r t e d  2 9 2  burn ing  c o a l  
r e f u s e  banks t h r o u g h o u t  t h e  Uni ted  S t a t e s  cover ing  o v e r  3,200 acres 
( 1 4 ) .  I n  comparison,  495 c o a l  r e f u s e  banks w e r e  burn ing  i n  1963, i n  
1 5  o u t  of  t h e  2 6  c o a l - p r o a u c i n g  s t a t e s .  

S o c i a l  and Economic Impacts  

od of t i m e  in to  s p a r s e l y  p o p u l a t e d  areas, a t t r a c t e d  by mining a c t i v i -  
t i e s  and e n e r g y - r e l a t e d  developments ,  r e s u l t s  i n  s i g n i f i c a n t  s o c i a l  
and economic impacts .  The i n f l u x  of money and j o b s  d u r i n g  t h e  h e i g h t  
of  t h e  mining o p e r a t i o n s  and r e l a t e d  a c t i v i t i e s  b r i n g s  a l o n g  an eco- 
nomic boom and h i g h  i n f l a t i o n  t h a t  on ly  t u r n s  i n t o  a b u s t  when t h e  
o p e r a t i o n  i s  completed.  Many of t h e  pover ty  s t r i c k e n  areas of  
Appalachia  a r e  l i v i n g  examples of such p r o c e s s .  G i l l e t t e  and Rock 
S p r i n g s ,  Wyoming, a r e  good examples of  present -day  boom towns. The 
l a s t  examples are c a u s e  f o r  concern when p o t e n t i a l  massive develop-  
ment of  western coal i s  c o n s i d e r e d .  The Northern Great P l a i n s  i s  a 
v a s t ,  r u r a l ,  s p a r s e l y - s e t t l e d  r e g i o n .  The p o p u l a t i o n  o f  Campbell 
County, Wyoming, i s  e x p e c t e d  t o  i n c r e a s e  s i x f o l d  t o  7 0 , 1 0 0  by t h e  
y e a r  2000 i f  development  proceeds  as p r o j e c t e d  ( 1 5 ) .  Most of  t h i s  
growth w i l l  o c c u r  i n  G i l l e t t e  which can be  expec ted  t o  r e a c h  a popu- 
l a t i o n  of 65,000 by t h e  y e a r  2000 ( F i g u r e  5 ) .  The c o m p e t i t i o n  f o r  
l a b o r  by c o a l - r e l a t e d  i n d u s t r y  i n  t h i s  area w i l l  have a d i r e c t  e f f e c t  
on p r e s e n t  i n d u s t r y .  A g r i c u l t u r e  i s  t h e  p r e s e n t  economic b a s e  of 
much of t h e  N o r t h e r n  Grea t  P l a i n s .  

The i n f l u x  o f  l a r g e  numbers o f  people  i n  a r e l a t i v e l y  s h o r t  p e r i -  

ENVIRONMENTAL IMPACTS O F  UNDERGROUND COAL M I N I N G  

Acid Mine Drainage 

Abandoned underground c o a l  mines and abandoned mine w a s t e  d i s -  
p o s a l  s i t es  c o n t r i b u t e  a l a r g e  p o r t i o n  of t h e  a c i d  mine d i s c h a r g e .  
Of t h e  s o u r c e s  of  a c i d  mine d r a i n a g e  l o c a t e d  and d e s c r i b e d  i n  Appa- 
l a c h i a  by t h e  F e d e r a l  Water P o l l u t i o n  C o n t r o l  A d m i n i s t r a t i o n  between 
1964 and 1 9 6 8 ,  abandoned underground c o a l  mines w e r e  found t o  c o n t r i -  
b u t e  52% of t h e  t o t a l  a c i d  d i s c h a r g e  t o  streams ( 8 ) .  I n  1973,  a c i d  
d i s c h a r g e  from abandoned e a s t e r n  unaerground coal mines t o t a l e d  m o r e  
t h a n  5 m i l l i o n  lb . /day which w a s  t h e  l a r g e s t  s i n g l e  s o u r c e  of  AMD i n  
t h e  U . S .  (16). 

The l a r g e  volume o f  AMD from abandoned underground mines i s  at-  
t r i b u t e d  t o  f r a c t u r i n g  or g e n e r a l  subs idence  o f  o v e r l y i n g  s t r a t a  
r e s u l t i n g  i n  i n c r e a s e d  ve r t i ca l  p e r m e a b i l i t y  and f low o f  l a r g e  volumes 
of  water i n t o  t h e  mine v o i d  ( F i g u r e  6 ) .  

Cont ro l  o f  acid mine d r a i n a g e  from f u t u r e  underground mining 
o p e r a t i o n s  could  be  accomplished through p r o p e r  s e l e c t i o n  o f  mining 
t e c h n i q u e s ,  w a t e r  h a n d l i n g  and mine s e a l i n g .  Downdip mining i n -  
v o l v e s  t h e  l o c a t i o n  o f  mine openings  a t  a h i g h  e l e v a t i o n  i n  t h e  seam 
w h i l e  development proceeds  downdip. Flooding of  t h e  mine i s  auto-  
m a t i c  a f t e r  comple t ion  of t h e  mining o p e r a t i o n  t h u s  i s o l a t i n g  s u l f i d e  
m i n e r a l s  i n  t h e  m i n e ,  minimizing o x i d a t i o n  and r e s u l t i n g  i n  b e t t e r  
q u a l i t y  d i s c h a r g e s  t h a n  h a s  o c c u r r e d  f r o m  t h e  abandoned mines t h a t  
w e r e  developed updip  ( 1 6 ) .  Longwall mining should  a lso be  an e f f e c -  
t i v e  method of  improving q u a l i t y  o f  mine d r a i n a g e .  C o n t r o l l e d  f r a c -  
t u r i n g  and c a v i n g  of t h e  roof  behind  t h e  advancing f a c e  r e d u c e s  v o i d  
space  and i n h i b i t s  t h e  o x i d a t i o n  o f  s u l f i d e s  i n  t h e  mine. 

260 



Subsidence 

are room and p i l l a r  and longwal l .  I n  room and p i l l a r  mining opera-  
t i o n s ,  f a i l u r e  of  one o r  more roof  s u p p o r t s  and f a i l u r e  due  t o  over -  
burden loading  on broad  roof  spans  between s u p p o r t i n g  columns r e s u l t  
i n  c o l l a p s e  of t h e  o v e r l y i n g  s t r a t a  and s u r f a c e  subs idence .  The ex- 
t e n t  of  t h e  subs idence  zone and t h e  n a t u r e  of  subs idence  v a r y  from 
a r e a  t o  a r e a  and depend mainly on t h e  t y p e  of  mining,  w i d t h  of t h e  
mined-out a r e a ,  t h i c k n e s s  of  t h e  c o a l  s e a m ,  and t h e  d e p t h  and charac-  
terist ics of t h e  overburden.  

The t w o  p r i n c i p a l  underground methods of  coal mining i n  t h e  U.S .  

Sur face  subs idence  may r e s u l t  i n  e x c e s s i v e  damage i n  h i g h l y  
developed urban areas. Good examples e x i s t  i n  n o r t h e a s t e r n  and i n  
w e s t e r n  Pennsylvania .  Other  l a n d  u s e s  are u s u a l l y  less s e v e r e l y  a f -  
f e c t e d .  In  g e n e r a l ,  l a t e r a l  stresses r e s u l t  i n  more s e v e r e  damage 
t h a n  v e r t i c a l  movement, and t h e y  are most i n t e n s e  a t  t h e  p e r i p h e r y  of 
t h e  subs idence  a r e a  ( 1 7 ) .  

S o l i d  Waste (Refuse Banks) 

t h r e e  b i l l i o n  t o n s  o f  r e f u s e ,  i n  t h e  e a s t e r n  c o a l  f i e l d s  a l o n e .  Pro- 
d u c t i o n  of  s o l i d  w a s t e  from a l l  c o a l  mining i n  1973 to ta led  a b o u t  110 
m i l l i o n  t o n s .  A s t u d y  by t h e  Bureau of  Mines e s t i m a t e s  t h a t  between 
1930 and 1971, a lmost  166,000 acres of  l a n d  w e r e  u t i l i z e d  for  d i s p o s a l  
o f  underground mining and p r o c e s s i n g  wastes ( 1 8 ) .  Of t h e  t o t a l ,  o n l y  
2 0 , 0 0 0  a c r e s  w e r e  rec la imed.  

There are between 3,000 and 5,000 r e f u s e  banks,  c o n t a i n i n g  o v e r  

Refuse banks a r e  a p o t e n t i a l  s o u r c e  o f  a i r  and w a t e r  p o l l u t i o n .  
When i g n i t e d ,  t h e y  p r o v i d e  noxious  and l e t h a l  g a s e s  as mentioned be- 
f o r e .  Water p o l l u t i o n  r e s u l t s  from sediment  and a c i d  mine d r a i n a g e .  

Underground d i s p o s a l  of  c o a l  mine waste i s  a v i a b l e  a l t e r n a t i v e  
t o  t h e i r  d i s p o s a l  on t h e  s u r f a c e  and l i m i t s  l and  use impacts .  How- 
e v e r ,  exper ience  i n  t h i s  f i e l d  h a s  been l i m i t e d  i n  t h e  U . S .  

Increased  c o a l  p r o d u c t i o n  i m p l i e s  i n c r e a s e d  s o l i d  waste t h a t  i s  
n e i t h e r  u t i l i z e d  a t  p r e s e n t  n o r  d i s p o s e d  back underground. The Bureau 
o f  Mines estimates t h a t  about  1 0  acres o f  land  are u t i l i z e d  f o r  d i s -  
p o s a l  o f  c o a l  mine and p r e p a r a t i o n  p l a n t  w a s t e s  f o r  e v e r y  m i l l i o n  t o n s  
o f  c o a l  produced ( 1 7 ) .  I t  i s  e s t i m a t e d  t h a t  coal mining wastes w i l l  
n e a r l y  double between 1975 and 1985 (11). However, under  t h e  proposed 
N a t i o n a l  Energy P l a n ,  t h e y  w i l l  n e a r l y  t r i p l e  between 1975 and 2000.  
About t h r e e - f o u r t h s  of  t h e  wastes are expec ted  t o  occur  i n  t h e  e a s t e r n  
r e g i o n s .  

Abandoned Mine F i r e s  
U.S. Bureau of  Mines f i g u r e s  show t h a , t  a s  o f  January  1973,  t h e r e  

were 59 u n c o n t r o l l e d  abandoned mine f i r e s  i n  Appalachia  and a b o u t  185 
u n c o n t r o l l e d  f i r e s  i n  t h e  w e s t e r n  r e g i o n s .  Abandoned underground 
mine f i r e s  have s e v e r e  land  u s e  i m p l i c a t i o n s .  They r e s u l t  i n  s u r f a c e  
subs idence  w h i l e  t h e  r e l e a s e  of  t o x i c  g a s e s  i s  a hazard  t o  human 
h e a l t h  and t o  v e g e t a t i o n .  

ENVIRONMENTAL IMPACTS O F  COAL TRANSPORTATION 

The bulk of c o a l  produced i n  the U . S .  i s  p r e s e n t l y  b e i n g  t r a n s -  
p o r t e d  mainly by r a i l  ( 6 5 % ) ,  b a r g e s  (ll%), t r u c k s  (13%) and Great 
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Lakes c o l l i e r s  ( 3 % ) .  I n  a d d i t i o n ,  t r a n s p o r t a t i o n  of  c o a l  by  s l u r r y  
p i p e l i n e s  h a s  been proposed a s  a method f o r  moving l a r g e  tonnage o f  
w e s t e r n  c o a l  over  g r e a t  d i s t a n c e s .  

R a i l  i s  t h e  p r i m a r y  method f o r  c o a l  t r a n s p o r t a t i o n  i n  t h e  U . S .  
A l l  r a i l  movements t o t a l e d  o v e r  290 m i l l i o n  t o n s  i n  1973, a 4 1 %  i n -  
c r e a s e  since 1962 ( 1 8 ) .  The m o s t  s i g n i f i c a n t  envi ronmenta l  impacts  
a s s o c i a t e d  w i t h  r a i l r o a d  t r a f f i c  i n c l u d e :  n o i s e ,  a i r  p o l l u t i o n  and 
conges t ion .  I n c r e a s e d  c o a l  product ion  and t r a n s p o r t a t i o n  w i l l  o n l y  
i n t e n s i f y  t h e s e  i m p a c t s ,  p a r t i c u l a r l y  c o n g e s t i o n  problems i n  wes tern  
towns. 

The c h a n n e l i z a t i o n  of s t r e a m s ,  c o n s t r u c t i o n  o f  c a n a l s  and dredg- 
i n g  and d i s p o s a l  of  dredged  s p o i l s  i n  connec t ion  w i t h  c o n s t r u c t i o n  
and maintenance of waterways f o r  b a r g e s  have a d v e r s e  impacts  on w a t e r  
q u a l i t y  and i n  many c a s e s  h a s  r e s u l t e d  i n  t h e  d e s t r u c t i o n  of f r e s h  o r  
c o a s t a l  wet lands .  

The major e n v i r o n m e n t a l  impacts  of t r u c k s  are a i r  p o l l u t i o n ,  
n o i s e ,  highway s a f e t y  and c o n g e s t i o n .  I n  a d d i t i o n ,  i n c r e a s e d  t r u c k  
t r a f f i c  t o  accommodate t h e  planned doubl ing  i n  c o a l  p r o d u c t i o n  might 
n e c e s s i t a t e  new c o n s t r u c t i o n  of  highways w i t h  t h e i r  a t t e n d a n t  envi ron-  
menta l  i m p a c t s .  

The major e n v i r o n m e n t a l  impacts  of c o a l  s l u r r y  p i p e l i n e s  are a l -  
m o s t  e n t i r e l y  r e l a t e d  t o  t h e i r  use o f  w a t e r .  They i n v o l v e  w a t e r  
d e p l e t i o n  and w a t e r  q u a l i t y  d e g r a d a t i o n .  Proposed s l u r r y  p i p e l i n e s  
a r e  expec ted  t o  o b t a i n  t h e i r  water from ground water  s o u r c e s .  S i n c e  
one t o n  of w a t e r  i s  needed t o  move one t o n  o f  c o a l ,  massive amounts of 
w a t e r ,  i n  a r e g i o n  t h a t  is normally s h o r t  i n  w a t e r  supply ,  are needed 
t o  t r a n s p o r t  o v e r  100  m i l l i o n  t o n s  o f  coal a y e a r .  Without adequate  
ground water  management p l a n s ,  t h e  c o n s t r u c t i o n  o f  s l u r r y  p i p e l i n e s  i n  
t h e  W e s t  could r e s u l t  i n  s i g n i f i c a n t  ground water  problems as w e l l  a s  
w a t e r  q u a n t i t y  and q u a l i t y  problems f o r  s u r f a c e  streams connected  wi th  
t h e  d i s t u r b e d  a q u i f e r s .  

ENVIRONMENTAL IMPACTS OF COAL CONVERSION 

A i r  p o l l u t i o n  is t h e  most s e r i o u s  envi ronmenta l  problem a s s o c i -  
a t e d  w i t h  t h e  c o n v e n t i o n a l  burn ing  of c o a l .  I n  1974, 390 m i l l i o n  t o n s  
of coal iabout 65% of t h e  t o t a l  p r o d u c t i o n )  were burned by e lec t r ic  
u t i l i t i e s  for  power g e n e r a t i o n .  By 1985,  t h i s  f i g u r e  i s  p r o j e c t e d  t o  
double  t o  a b o u t  800 m i l l i o n  t o n s .  A t  p r e s e n t ,  n e a r l y  t w o - t h i r d s  of  
t h e  s u l f u r  o x i d e s  and o n e - t h i r d  o f  t h e  p a r t i c u l a t e  m a t t e r  e m i t t e d  i n t o  
t h e  atmosphere are from burn ing  c o a l  f o r  e l e c t r i c  power g e n e r a t i o n .  
I n  a d d i t i o n ,  s i g n i f i c a n t  amounts of  n i t r o g e n  ox'ides, carbon monoxide 
and hydrocarbons a r e  a l s o  e m i t t e d  i n  t h e  c o a l  b u r n i n g  p r o c e s s .  A l l  of 
t h e s e  p o l l u t a n t s  are known t o  have a d v e r s e  impacts  on human h e a l t h .  
Carbon d i o x i d e  i s  a l s o  r e l e a s e d  i n  t h e  c o a l  combustion p r o c e s s .  There 
i s  mounting concern t h a t  carbon d i o x i d e  b u i l d u p  i n  t h e  atmosphere may 
r e s u l t  i n  a "greenhouse"  e f f e c t  caus ing  g l o b a l  c l imat ic  changes.  I t  
is i m p o r t a n t  t h a t  knowledge of  t h e  long-term e f f e c t s  of coal develop-  
ment be improved b e f o r e  i r r e v e r s i b l e  e f f e c t s  a r e  encountered .  

G a s i f i c a t i o n  and l i q u e f a c t i o n  o f  c o a l  may o f f e r  major a i r  q u a l i -  
t y  advantages f o r  c u r r e n t l y  r e g u l a t e d  p o l l u t a n t s .  However, they  
p r e s e n t  u n c e r t a i n ,  p o t e n t i a l l y  s e r i o u s  h a z a r d s  f o r  p o l l u t a n t s  t h a t  a r e  
n o t  y e t  r e g u l a t e d  (19), p a r t i c u l a r l y  o r g a n i c  compounds t h a t  are proven 
carc inogens .  
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Major increases in electricity generation from conventional coal 
combustion could have great adverse air quality consequences in the 
absence of improved combustion and pollution control technologies. In 
this regard, the National Energy Plan proposes that best available 
control technology (BACT) be required on all new coal-burning facili- 
ties. The same provision has been included in the Clean Air Act 
Amendments of 1977. Yet, it is projected that sulfur oxides and 
nitrogen oxides will be higher in 1985 and 2000 than in 1975 (11). In 
the year 2000, sulfur oxides are projected to be about 12% higher and 
nitrogen oxides about 61% higher than in 1975. If SO, and NOx are to 
be reduced, continued improvements in BACT will be required. In 
addition, with planned and proposed increase in coal utilization, in- 
creasing amounts of sludges and spent ashes from coal combustion faci- 
lities may present a solid waste disposal problem and these wastes may 
cause a significant potential leachate problem (11). It is projected 
that in 2000, non-combustible solid wastes from coal burning would 
increase to 2.7 times the 1975 level and sludges would increase to 8.5 
times the 1975 levels (11). 

POLICY CONSIDERATIONS 

From an environmental standpoint, coal is clearly the dirtiest of 
all fossil fuels. Severe environmental problems are associated with 
every phase of the fuel cycle. Table 2 presents a summary of key en- 
vironmental issues associated with coal mining, preparation, trans- 
portation and conventional combustion. 

Energy Process Key Environmental Issues 
Coal Mining Stabilization/disposal of 

underground mining wastes 
Reclamation of strip-mined 
land 
Acid mine drainage 
Alkaline mine drainage 
Occupational health and 
safety 
- underground mining 
- surface mining 

Coal Benefici- Suspended solid runoff 
ation (final EPA regulations may 

be less stringent than 
those assumed in study) 

Coal Transpor- Occupational and public 
tation health and safety issues 

(rail accidents) 
Particulate emissions 

Conventional Coal 
Combustion 
-Elec. Utilities Ash and sludge disposal 
-1ndust. Boilers SO, emissions 

Regions of Concern 
Regions 3,4,5 

Water scarce Regions 
6,8, parts of 4 
Regions 3,4,5 
Primarily Region 8 

Regions 3,4,5 
Regions 4,6,8 
Regions 3,4,5,8 

Primarily Regions 3,4, 
5 

Highest in Region 5 

Urban areas 
Reg. 5 (highest), Reg. 
6 (largest increases) 



The proposed N a t i o n a l  Energy P l a n ,  whi le  it " i n t e n d s  t o  a c h i e v e  
i t s  energy g o a l s  w i t h o u t  endanger ing  t h e  p u b l i c  h e a l t h  o r  degrading  
t h e  environment ,"  i t s  o n l y  s p e c i f i c  p r o p o s a l s  f o r  envi ronmenta l  pro- 
t e c t i o n  concern s t r i p  mining r e c l a m a t i o n  and a i r  p o l l u t a n t s  f o r  which 
p r e s e n t  c r i t e r i a  e x i s t .  However, c o n v e n t i o n a l  coal combustion and 
convers ion  t o  s y n t h e t i c  gaseous  and l i q u i d  f u e l s  may r e s u l t  i n  a much 
g r e a t e r  range of  s o c i a l  and envi ronmenta l  impacts  t h a n  t h o s e  p r e s e n t l y  
r e g u l a t e d .  I n  t h e  s h o r t  t e r m ,  t h e r e  can be  some temporary t r a d e - o f f s  
between c o a l  development  and envi ronmenta l  p r o t e c t i o n .  However, i n  
t h e  process o f  s o l v i n g  t h i s  n a t i o n ' s  energy problems,  w e  must s e e k  t o  
a v o i d  i r r e v e r s i b l e  and permanent damage t o  t h e  n a t u r a l  and human en- 
vironment .  

T h e  envi ronmenta l  impacts  o f  i n c r e a s e d  coal p r o d u c t i o n  and u t i l i -  
z a t i o n ,  p a r t i c u l a r l y  w i t h  p r e s e n t  technology,  are c l e a r l y  unacceptab le .  
I n  o r d e r  t o  minimize envi ronmenta l  damages more emphasis must be 
p l a c e d  upon energy  c o n s e r v a t i o n  and slower energy growth. While t h e  
proposed N a t i o n a l  Energy P l a n  r e p r e s e n t s  a s t e p  forward i n  t h a t  d i r e c -  
t i o n ,  i t  c o u l d  have gone a good d e a l  f a r t h e r .  Energy c o n s e r v a t i o n  i s  
more e x p e d i e n t  t h a n  d e v e l o p i n g  new s o u r c e s  and can be accomplished 
w i t h  less expense t h a n  b u i l d i n g  new c a p a c i t y .  Conserva t ion  w i l l  mini-  
mize t h e  need f o r  m o r e  expens ive  and envi ronmenta l ly  harmful  supply  
o p t i o n s  and w i l l  h e l p  i n  p r o v i d i n g  t i m e  f o r  deve loping  a c c e p t a b l e  sup- 
p l y  s o u r c e s .  The m o s t  conspicuous ,  benign ,  and i n e x h a u s t i b l e  s o u r c e  
of  a l t e r n a t i v e  e n e r g y  i s  so la r  energy.  However, p r e s e n t  l e v e l s  of 
solar r e s e a r c h  funding  and e f f o r t s  t o  d i s s e m i n a t e  it i n  t h e  market- 
p l a c e  a r e  i n a d e q u a t e .  

Unless  w e  change o u r  emphasis away from c e n t r a l i z e d  f o s s i l  and 
n u c l e a r  g e n e r a t i o n  f a c i l i t i e s  towards t h e  more envi ronmenta l ly  benign 
t e c h n o l o g i e s ,  levels o f  many p o l l u t a n t s  w i l l  i n c r e a s e  s h a r p l y  i n  t h e  
n e x t  t w o  decades  which may pose  g r e a t  h a z a r d s  t o  human h e a l t h  and 
food product ion .  
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F i g u r e  3 - - P o t e n t i a l  e f f e c t s  of  s u r f a c e  mining on sha l low a q u i f e r s  (12). 
A :  b e f o r e  mining,  B:  a f t e r  mining,  C :  a f t e r  r e c l a m a t i o n .  

This Mine Can Stop 
Aquifer Flow mis Mine Has 

Little Impact 
\ 

L------- 
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\\ 
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F i g u r e  4--Impact Of mine l o c a t i o n  on sha l low a q u i f e r s  (13). 
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Figure 5--Population estimates for Campbell County and Gillette, 
Wyoming, 1975-2000 (15). 

Figure 6--Infiltration of water through collapsed area (16) 
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